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INTRODUCTION
D uring  th e  c o u rse  o f  th e  p a s t  s e v e r a l  y e a r s ,  a  s y s te m a tic  s tu d y  
o f  th e  i n e l a s t i c  s c a t t e r i n g  o f  e l e o t r o n s  b y  a to m ic  and  m o le c u la r  g a se s  
h a s  b een  underw ay i n  t h i s  l a b o r a to r y .  As a  r e s u l t  o f  t h i s  p ro g ram , th e  
te c h n iq u e  o f  m e asu rin g  i n e l a s t i c  c o l l i s i o n  c r o s s  s e c t io n s  h a s  b een  
d e v e lo p ed  and  r e f in e d  ( 1 ) ( 2 ) ( 3 )  t o  suoh  a n  e x t e n t  t h a t  f a i r l y  p r e c i s e  
m easurem ents a r e  now p o s s i b l e .  M oreover, i n e l a s t i c  c o l l i s i o n  c r o s s  
s e c t i o n s  have  b een  s tu d ie d  f o r  a  c o n s id e r a b le  number o f  m o le c u le s  and 
a to m s.
I n t e r p r e t a t i o n  o f  th e  e x p e r im e n ta l  r e s u l t s  h a s  b een  g r e a t l y  a id e d  
by  th e  e x i s t e n c e  o f  a  quantum  m e c h a n ic a l th e o ry  o f  t h e  s c a t t e r i n g  o f 
e l e c t r o n s  ( 4 ) w hich  i s  v e ry  g e n e r a l ly  a p p l i c a b l e ,  b u t  w h ich  s u f f e r s  
from  t h e  d is a d v a n ta g e  t h a t  an  a p p ro x im a tio n , known a s  th e  Born a p p ro x i­
m a tio n , i s  made i n  th e  d evelopm en t o f  t h e  th e o r y .  The l i m i t s  o f  e r r o r  
a r e  n o t a c c u r a te ly  known from  th e  t h e o r y .  H ow ever, t h e  above m en tio n ed  
e x p e r im e n ta l  work h a s  shown t h a t  t h e  Born a p p ro x im a tio n  i s  s u f f i c i e n t l y  
a o c u ra te  t o  a c o o u n t f o r  th e  i n e l a s t i c  s c a t t e r i n g  by  m o le c u le s  o f  e l e c ­
t r o n s  o f  a  few  h u n d red  e l e c t r o n  v o l t s  k i n e t i c  e n e rg y . The a c c u ra c y  o f  
th e  Born a p p ro x im a tio n  f o r  e l e c t r o n s  o f  a  few  h u n d red  e l e c t r o n  v o l t s  
h a s  b een  v e r i f i e d  i n  so many c a s e s  i n  t h i s  l a b o r a to r y  t h a t  more r e c e n t ly  
a t t e n t i o n  h a s  b e e n  d ev o ted  t o  th e  develo p m en t o f  i n e l a s t i c  e l e c t r o n  
s c a t t e r i n g  a s  a  t o o l  f o r  t h e  s tu d y  o f  m o le o u la r  s t r u c t u r e .
U nder c e r t a i n  s p e c i a l  c o n d i t io n s ,  t h e  t r a n s i t i o n  p r o b a b i l i t i e s  
f o r  th e  e x c i t a t i o n  o f  m o le c u le s  by e l e c t r o n  im p a c t a r e  v e ry  s im i l a r
-  1 -
t o  th o s e  f o r  e x c i t a t i o n  by t h e  a b s o r p t io n  o f  r a d ia t io n *  I n  f a c t*  a  
te c h n iq u e  f o r  th e  d e te r m in a t io n  o f o p t i c a l  o s c i l l a t o r  s t r e n g t h s  o f  
a llo w e d  t r a n s i t i o n s  by e l e c t r o n  im p ac t m ethods h a s  b e e n  d ev e lo p ed  and 
s u c c e s s f u l ly  a p p l ie d  i n  s e v e r a l  c a s e s  ( l ) ( 2 ) ( 5 ) ( 6 ) •  O p t ic a l ly  fo rb id d e n  
t r a n s i t i o n s  have a l s o  b een  s tu d ie d  i n  t h e  c a se  o f  h e liu m  (7 )  and n i t r o ­
g en  ( 8 ) ,  and i t  h a s  b e e n  d e m o n s tra te d  by e x p e rim e n t t h a t  a  c o n s id e r a b le  
am ount o f  in f o r m a t io n  c o n c e rn in g  a  t r a n s i t i o n  ( i . e .  t h e  v a n is h in g  and 
n o n -v a n is h in g  p r o p e r t i e s  o f  t h e  m a tr ix  e le m e n ts  o f  e l e c t r i c  d ip o le  
moments* q u a d ru p o le  m om ents, e t c . )  c a n  be o b ta in e d  from  a  s tu d y  o f  
m o le c u le s  u s in g  th e  m ethods o f  e l e c t r o n  s c a t t e r i n g .  T here  i s  a  c e r t a i n  
s i m i l a r i t y  be tw een  th e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  th e  r e s p e c t iv e  
p ro c e s s e s  o f  e l e c t r o n  s c a t t e r i n g  and  r a d i a t i o n  a b s o r p t io n  w h ich  h a s  
b een  t a c i t l y  im p lie d  i n  th e  fo re g o in g  s ta t e m e n t s ,  and  w hich  w i l l  be  
d e v e lo p e d  more f u l l y  i n  S e c t io n  1 on th e  th e o r y  o f  e l e c t r o n  s c a t t e r i n g .  
T h is  s i m i l a r i t y  w i l l  be e v id e n t  th ro u g h o u t much o f  t h i s  w o rk .
A t h e o r e t i c a l  s tu d y  o f  s e l e c t i o n  r u l e s  i n  e l e c t r o n  s c a t t e r i n g  
h a s  a l s o  b een  p r e v io u s ly  made (3 )  and th e  a p p l i c a b i l i t y  o f  t h e  F ra n c k -  
Condon p r i n c i p l e  h as  b een  p r e v io u s ly  s tu d ie d  b o th  e x p e r im e n ta l ly  and 
t h e o r e t i c a l l y  f o r  o p t i c a l l y  a llo w ed  and f o rb id d e n  t r a n s i t i o n s  i n  d i a ­
to m ic  m o le c u le s  ( 8 ) ( 9 ) .  T h ere  h as  b e e n , i n  b r i e f ,  a  v e ry  m arked advance 
i n  u n d e r s ta n d in g  th e  d e t a i l e d  m echanism  o f  t h e  s c a t t e r i n g  o f  e l e c t r o n s  
by s im p le  m o le c u le s .  N e v e r th e le s s ,  some p ro b lem s rem a in  i n  t h e  i n t e r ­
p r e t a t i o n  o f  i n e l a s t i c  s c a t t e r i n g  o f  e l e c t r o n s  by  a  p o ly a to m ic  m o lecu le  
w h ich  a r i s e  b e c a u se  v i b r a t i o n a l  m o tio n s  a r e  p o s s ib le  w h ich  a l t e r  th e  
symmetry o f  th e  m o le c u le . A t r a n s i t i o n  i n  c a rb o n  d io x id e  w h ich  i l l u s -
-  3 -
t r a t e s  t h i s  p o in t  v e ry  c l e a r l y  h a s  b e e n  s tu d ie d  d u r in g  th e  c o u rs e  o f  
th e  p r e s e n t  r e s e a r c h ,  a lth o u g h  th e  o h o ic e  o f  c a rb o n  d io x id e  f o r  th e  
p r e s e n t  s tu d y  was n o t  d i c t a t e d  by  t h i s  c o n s id e r a t io n .
M u llik e n  ( 1 0 ) h a s  p ro p o se d  t h a t  th e  lo w e s t e n e rg y  e l e c t r o n i c  
t r a n s i t i o n  i n  ca rb o n  d io x id e ,  o c c u r r in g  i n  t h e  - v ic in i ty  o f  8 .5  v o l t s ,  
i s  o p t i c a l l y  fo rb id d e n  by e l e c t r o n i c  s e l e c t i o n  r u l e s .  H is  p ro p o s a l  was 
b ased  on t h e  f a c t  t h a t  th e  t r a n s i t i o n  o c c u rs  o n ly  v e ry  w eak ly  i n  th e  
vacuum u l t r a v i o l e t  a b s o r p t io n  sp e c tru m , and  i t  seem ed t o  b e  o f  s c ie n ­
t i f i c  i n t e r e s t  t o  u n d e r ta k e  a n  e l e c t r o n  im p ac t i n v e s t i g a t i o n  o f ca rb o n  
d io x id e  i n  an  e f f o r t  t o  p ro v e  o r  d is p ro v e  h i s  p r o p o s a l ,  s in c e  th e  
m ethods o f  e l e c t r o n  im p ac t p ro v id e  one w i th  a  d e c i s iv e  means o f  d e t e r ­
m in ing  w h e th e r  th e  m a tr ix  e le m e n t o f  e l e c t r i c  d ip o le  moment o f  a  t r a n s ­
i t i o n  v a n is h e s  o r  d o es  n o t  v a n i s h .  T h is  t r a n s i t i o n ,  t o g e t h e r  w i th  one 
a d ja c e n t  t o  i t ,  becam e, i n  f a c t ,  one o f  t h e  m a jo r  p o in t s  o f  i n t e r e s t  
i n  t h i s  i n v e s t i g a t i o n .  A d e t a i l e d  t h e o r e t i c a l  s tu d y  o f  th e  t r a n s i t i o n  
p r o b a b i l i t i e s  f o r  th e s e  tw o t r a n s i t i o n s  h a s  b e e n  made i n  S e c t io n  7 
e s p e c i a l l y  f o r  t h e  p u rp o se  o f  o b ta in in g  th e  s e l e c t i o n  r u l e s ,  and  a l s o  
f o r  e x te n d in g  th e  F ranck-C ondon  p r i n c i p l e  t o  p o ly a to m ic  m o le c u le s .
A n o th e r  re a s o n  why a  s tu d y  o f  c a rb o n  d io x id e  seemed t o  b e  o f  i n t e r ­
e s t  i s  t h e  f a c t  t h a t  m ost o f  th e  a b s o r p t io n  of t h i s  gas  o c c u rs  i n  th e  
r e g io n  be tw een  11 and  17 e v  w h ich  c o r re s p o n d s  t o  th e  e x p e r im e n ta l ly  
d i f f i c u l t  u l t r a v i o l e t  s p e c tro s o o p ic  r e g io n  betw een  1126 and 729 S.,
As a  r e s u l t ,  t h e r e  i s  a  s u r p r i s i n g  la c k  o f  e x p e r im e n ta l  w ork i n  t h i s  
r e g io n  on c a rb o n  d io x id e  re c o rd e d  i n  t h e  l i t e r a t u r e .  I n  e l e c t r o n  
s c a t t e r i n g ,  no such  d i f f i c u l t y  i s  e n c o u n te re d  i n  t h i s  r e g io n ,  and  th u s
“ 4  —
i t  i s  p o s s i b l e  t o  s tu d y  i t  a s  th o ro u g h ly  a s  any  o th e r  r e g io n ,  w i th in  
t h e  l i m i t s  o f  r e s o l u t i o n  o f  th e  e l e o t r o n  s p e c tr o m e te r .
F i n a l l y ,  c a rb o n  d io x id e  i s  a  c o n s t i t u e n t  o f  t h e  a tm o sp h e re  
(0*04%) and  e l e c t r o n i c  c o l l i s i o n  c r o s s  s e c t io n s  have a n  i n t r i n s i c  
i n t e r e s t  f o r  th e  p u rp o se  o f  i n t e r p r e t i n g  i o n i z a t i o n  and  e x c i t a t i o n  
p ro c e s s e s  w h ich  o c c u r  i n  th e  u p p e r a tm o sp h e re . I n  t h i s  c o n n e c t io n ,  
c a rb o n  d io x id e  s e rv e s  a s  one u n i t  i n  a  s y s te m a t ic  s tu d y  o f  e l e c t r o n i c  
c o l l i s i o n  c r o s s  s e c t io n s  o f  a tm o sp h e r ic  c o n s t i t u e n t s  w h ich  h a s  b een  
underw ay i n  t h i s  l a b o r a to r y  f o r  th e  p a s t  t h r e e  y e a r s  an d  w h ich  i s  
sp o n so re d  by  t h e  A ir  F o ro e  Cam bridge G e o p h y s ic a l R e se a rc h  D i r e c t o r a t e .
SECTION I  
ELECTRON SCATTERING THEORY
1 .1  INTRODUCTION
The c o l l i s i o n  o f  a  p a i r  o f  p a r t i c l e s ,  one o f  w h ich  may be com plex , 
c an  be t r e a t e d  i n  a  v e ry  g e n e r a l  m anner b y  means o f  a n  a p p ro x im a tio n  
known a s  t h e  f i r s t  B orn a p p ro x im a tio n . The m ethod in v o lv e s  t h e  t r e a t ­
m ent o f  th e  e n e rg y  o f  i n t e r a c t i o n  o f  th e  tw o p a r t i c l e s  a s  a  p e r tu r b a ­
t i o n  and  th e  c a r r y in g  o f  th e  c a l c u l a t i o n  o f  th e  p e r tu r b e d  wave f u n c t i o n  
t o  t h e  f i r s t  o r d e r  p e r t u r b a t i o n .  "When th e  t r e a tm e n t  i s  f u r t h e r  s p e c i a l ­
i s e d  t o  t h e  p a r t i c u l a r  ty p e  o f  c o l l i s i o n  i n  w hioh a n  atom  o r  m olecule^- 
i s  s t r u c k  by  a n  e l e c t r o n ,  and  t h e  i n t e r a c t i o n  e n e rg y  i s  t h a t  b e tw een  
p o in t  c h a rg e s ,  an  e x p r e s s io n  f o r  t h e  c o l l i s i o n  c r o s s  s e c t i o n  i s  o b ta in e d  
w h ich  h a s  v e r y  g e n e ra l  a p p l i c a b i l i t y  and i s ,  m o reo v e r, w e l l  s u i t e d  f o r  
t h e  i n t e r p r e t a t i o n  o f  e l e c t r o n i c  c o l l i s i o n  p r o c e s s e s .  The e x p e r im e n ta l  
c o n d i t io n s  m u s t, o f  c o u r s e ,  b e  so  s e le c te d  t h a t  t h e  a p p ro x im a tio n s  made 
a r e  a c t u a l l y  v a l i d .  I t  i s  g e n e r a l ly  b e l ie v e d  t h a t  su ch  w i l l  be th e  
c a s e  when th e  k i n e t i c  e n e rg y  o f  t h e  c o l l i d i n g  p a r t i o l e s  i s  s u f f i c i e n t l y  
h ig h .  S in c e  th e  r e s u l t s  o f  t h i s  th e o r y  w i l l  be f r e q u e n t ly  u sed  i n  t h i s  
w ork , a  b r i e f  summary o f  p e r t i n e n t  t h e o r e t i c a l  r e s u l t s  w i l l  be g iv e n  i n  
t h i s  s e c t i o n .  The p r i n c i p a l  p u rp o se s  o f  t h i s  summary a r e  t o  s t a t e  th e  
b a s ic  e q u a t io n s ,  t o  e x p la in  th e  n o ta t i o n  u se d  i n  t h e  p r e s e n t  i n v e s t i g a ­
t i o n ,  and  t o  r e l a t e  th e  n o t a t i o n  t o  t h a t  u sed  by M ott and  M assey ( 4 ) .
I n  a d d i t i o n ,  c e r t a i n  c o r r e l a t i o n s  b e tw een  th e  p ro c e s s e s  o f  e x c i ­
t a t i o n  o f  m o le c u le s  by e l e c t r o n  im p ac t and  by r a d i a t i o n  a b s o r p t io n
1 The w ord "atom ” w i l l  be u sed  i n  t h i s  s e n se  th ro u g h o u t t h i s  s e c t i o n ,  
b u t  i t  i s . t o  be u n d e rs to o d  t h a t  b o th  atom s an d  m o leo u le s  a r e  in d ic a te d *
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•w ill be p o in te d  o u t ,  a s  th e y  w i l l  beoome v e ry  im p o r ta n t  i n  c e r t a i n  
p h a se s  o f  t h i s  work*
1 .2  COLLISION CROSS SECTIONS
M ott and  M assey (4 )  d e r iv e  a  g e n e r a l  e q u a t io n  f o r  t h e  c o l l i s i o n  
c r o s s  s e c t io n s  f o r  th e  c o l l i s i o n  o f  an  e l e c t r o n  ( a  p o in t  c h a rg e )  w i th  
a oom plex p a r t i c l e  ( i . e .  a  p a r t i c l e  com posed o f  many p o in t  c h a r g e s ) .  
The c o l l i s i o n  c r o s s  s e c t i o n  f o r  t h e  e x e i t a t i o n  o f  th e  com plex p a r t i c l e  
from  th e  m[kh  t o  t h e  n^k quantum  s t a t e  i s  g iv e n  by  (e q n .  2 ,  p .  224 o f  
r e f .  ( 4 ) )
I m n ( 0 ) d h /  = ^ -  —
h  4  k
d w ( 1 )
w here I mn( 0 ) “  c o l l i s i o n  c r o s s  s e c t i o n  p e r  u n i t  s o l i d  a n g lemn
B = a n g le  b e tw een  k^ n and 1 c , ( i . e .  t h e  s c a t t e r i n g  a n g le )
dV = i n f i n i t e s m a l  s o l i d  a n g le
m * m ass o f  th e  e l e o t r o n
h  -  P la n k ’ s c o n s ta n t
V (l? ,?) = Coulom bic i n t e r a c t i o n  f i e l d  b e tw een  th e  tw o 
p a r t i c l e s
f t  “  i n c id e n t  e l e c t r o n  p o s i t i o n  v e c to r  
?  * a g g re g a te  p o s i t i o n  v e c to r  f o r  com plex  p a r t i c l e
* v e c to r  momentum of e l e o t r o n  b e f o r e  c o l l i s i o n  
Pg = v e c to r  momentum o f e l e c t r o n  a f t e r  o o l l i s i o n
i n n *  t ^ n |  
k  » I £ 1
VmVn = wave f u n c t io n s  o f  th e  m^ * 1 and  n^h  quantum  s t a t e s ,  r e s p e c t i v e l y  
d ( r )  * i n f i n i t e s m a l  volum e e le m e n t o f  t h e  com plex p a r t i c l e  
d(R) = i n f i n i t e s m a l  volum e e le m e n t o f  t h e  e l e c t r o n
I f  th e  com plex p a r t i c l e  i s  ta k e n  t o  be  an  atom  c o n ta in in g  Z e l e c ­
t r o n s  ( i . e .  Z p o in t  c h a r g e s ) ,  t h e n  i t  can  be shown ( e q n .  ( 9 ) ,  p .  226, 
r e f .  ( 4 ) ) ,  upon r e v e r s in g  th e  o rd e r  o f  i n t e g r a t i o n ,  t h a t
477e
K2
•i2?. ( 2)
8=1
w here K = k ^  -  k  * change o f  momentum o f  i n c id e n t  e l e c t r o n
upon c o l l i s i o n
K = | k |
e = e l e c t r o n i c  o h arg e
r^  = p o s i t i o n  v e c to r  o f  t h e  s^ * 1 a to m ic  e l e c t r o n  
Upon s u b s t i t u t i n g  e q u a t io n  (2 )  i n t o  e q u a t io n  ( l ) ,  we o b ta in
64TT4 e4m2 kmn
h h 4 k
64U4e4m2 k ^  
h 4 K4  k
e iK r s l J ^ n (r)d (R )d (r)
s “ l
IK r
dut
s = l
da/
L e t
8*1 '
Then e q u a t io n  (3 )  becom es
4 4 2 
64JT e m kn>nT (Oh 64rr-e- ”
1 " “  i.4 „4h  K k
£*nC K> d w
Upon c a n c e l l in g  o u t dto, we o b ta in
J  6 4 ^ ^
I ^  A  A-L h 4  K4  *■
(4)
2fT 277I f  t h e  s u b s t i t u t i o n s  kmyi * j - • Pg an d  k  * —- P^ a r e  m ade, e q u a t io n
(4 ) becom es
I mn( 0 )  = 64T^e4m4h 4  ( |E ) 4  AP4  P x OBI ( 5)
w here AP = |A P | * |p!> -  P ^ | = J L - S |  = *  |ic | = J L k277- ' ' 27T
and  P^ and Pg a r e  a s  p r e v io u s ly  d e f in e d *
E q u a tio n  (5 ) can  be  g r e a t l y  s im p l i f i e d  b y  a  c o n v e rs io n  t o  H a r t r e e  
a to m ic  u n i t s *  I n  t h i s  sy stem  a l l  le n g th s  a r e  e x p re s s e d  i n  te rm s  o f  th e  
f i r s t  Bohr r a d iu s ,  a l l  c h a rg e s  i n  te rm s  o f  t h e  e l e c t r o n i c  c h a rg e ,  and 
a l l  m asses i n  te rm s  o f th e  mass o f  t h e  e le c t r o n *  O th e r u n i t s  may be 
d e r iv e d  from  th e s e  t h r e e  b a s ic  ones* A c c o rd in g ly , we s u b s t i t u t e  th e  
n u m e ric a l v a lu e s  o f  e ,  m, and h  i n  a to m ic  u n i t s ,  nam ely  e * 1 , m * 1 ,
and  h  * 2TT. At t h e  same tim e  we ohange th e  sym bol f o r  t h e  o o l l i s i o n  
c r o s s  s e c t i o n  from  I , ,^  t o  i n  o r d e r  t o  em p hasize  t h a t  a to m io  u n i t s
a r e  used*  We have now
<f a  p2 4 I £  mnl re'i
mn
*1 A P 4
T hus, e q u a t io n  ( 6 ) i s  th e  f i n a l  fo rm  o f  th e  t h e o r e t i c a l  e q u a t io n  
f o r  th e  e l e c t r o n i c  c o l l i s i o n  c r o s s  s e c t i o n .  X t w i l l  b e  n o te d  t h a t
<f i s  th e  c o l l i s i o n  c r o s s  s e c t i o n  o n ly  f o r  th e  t r a n s i t i o n  b e tw een  tw omn
d i s c r e t e  e n e rg y  s t a t e s .  F o r th e  c a s e  i n  w hioh  th e  u p p e r  quantum  s t a t e  
l i e s  i n  th e  con tinuum  be tw een  th e  e n e r g ie s  W and W + dW, th e  c o l l i s i o n  
c r o s s  s e c t i o n  i s  p r o p o r t i o n a l  t o  dW and i s  e q u a l  t o  sdW. T h is  o o l l i s i o n  
c r o s s  s e c t i o n  i s  d e f in e d  by
P2 4 I f  mn I . .
<r « SdW « ~  dW (7 )
m  P 1  AP
w here s i s  t h e  c o l l i s i o n  o ro s s  s e c t i o n  p e r  u n i t  s o l i d  a n g le  p e r  u n i t  
e n e rg y , and i s  th e  e l e c t r i c  moment a s  p r e v io u s ly  d e f in e d ,  e x c e p t
t h a t  i n  t h i s  c a s e ,  ^ i s  t h e  wave f u n c t io n  f o r  th e  co n tin u u m  and h a s  
b een  n o rm a liz e d  i n  t h e  m anner a p p r o p r ia te  t o  t h e  co n tin u u m  ( 3 9 ) .  I n  
g e n e ra l  u s a g e , s i s  o r d i n a r i l y  r e f e r r e d  t o  a s  t h e  c o l l i s i o n  c r o s s  
s e c t i o n  p e r  u n i t  e n e rg y , o r  m e re ly  t h e  c o l l i s i o n  c ro s s  s e c t i o n .
A c l o s e r  i n s p e c t io n  o f  e q u a t io n  ( 6 ) [o r (7 ) ]  w i l l  show some v e ry  
i n t e r e s t i n g  f e a t u r e s .  The q u a n t i ty  can  b e  expanded i n  a  s im p le
pow er s e r i e s  t o  g iv e
w here
i s  t h e  m a tr ix  e lem en t o f e l e o t r i c  d ip o le  moment w h ich  i s  w e l l  known 
i n  th e  f i e l d  o f  u l t r a v i o l e t  a b s o r p t io n  s p e c tro s c o p y .  £  g i s  t h e  m a tr ix  
e le m e n t o f e l e c t r i c  q u a d ru p o le  moment, £  ^ i s  th e  m a tr ix  e le m e n t o f  
e l e c t r i c  o c tu p o le  moment, e t o .  E q u a tio n  ( 6 ) may th u s  be w r i t t e n  i n  th e  
fo rm
1 .3  OSCILLATOR STRENGTHS
The f i r s t  i n d i c a t i o n  t h a t  a  d o s e  c o n n e c tio n  e x i s t s  be tw een  e x c i t a ­
t i o n  o f  atom s by e l e o t r o n  im p ac t and  by th e  a b s o r p t io n  o f  r a d i a t i o n  
was g iv e n  by  B ethe  ( 1 1 ) .  I n  h i s  p a p e r  h e  d e f in e d  a  q u a n t i t y  known a s  
t h e  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h  f o r  th e  t r a n s i t i o n  fro m  t h e  m^ * 1
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t o  th e  n ^ 1 quantum  s t a t e  a s
f  (k )  ■ E 8^ 2-m mn'  ^ V n  ^ Z <WK> (8)
■where E ^ ^  “  e n e rg y  lo s s  o f  th e  i n c id e n t  e l e o t r o n  on o o l l i s i o n ,  TIT.
R e w rit in g  e q u a t io n  ( 8 ) i n  te rm s  o f  t h e  sym bols u se d  h e r e ,  and  ch an g in g
t o  H a r t r e e  a to m ic  u n i t s ,  we have
\zJ (•)
A P Z 1 \
S u b s t i t u t i n g  e q u a t io n  ( 6 ) i n t o  e q u a t io n  ( 9 ) ,  we o b ta in
00)
and s u b s t i t u t i n g  e q u a t io n  (7 )  i n t o  e q u a t io n  ( 9 ) ,  we o b ta in  s i m i l a r l y
p
f» n * I  p jA r ’W  (U)
E q u a tio n  (1 1 ) can  be  r e w r i t t e n  a s
P
f  ‘ * ?  A P 2 s ( 1 2 )mn « *2
w here f '  i s  t h e  d i f f e r e n t i a l  g e n e r a l i s e d  o s c i l l a t o r  s t r e n g t h  ( i . e .  th e  
mn
o s c i l l a t o r  s t r e n g t h  p e r  u n i t  e n e rg y )  o f  t h e  oon tinuum .
T h is  s i m i l a r i t y  be tw een  e x c i t a t i o n  o f  atom s by e l e c t r o n  im pao t 
and by  r a d i a t i o n  a b s o r p t io n  may now be d ev e lo p e d  f u r t h e r .  The q u a n t i ty  
" o p t i c a l  o s c i l l a t o r  s t r e n g t h " ,  w h ich  i s  u se d  a s  a  m easure  o f  t h e  i n t e n s i t y  
o f  a  t r a n s i t i o n  i n  o p t i c a l  s p e c tro s c o p y , i s  d e f in e d  by
f opt * » | £ i l 2
-  12 -
w here W = th e  e n e rg y  o f  t h e  t r a n s i t i o n  and £  ^ h as  b een  
p r e v io u s ly  d e f in e d *
I I 2Not l e t  u s  w r i t e  e q u a t io n  (9 )  w i th  ( £ ^ 1  i t s  expanded  form*
« 2Wmn
L e t t in g  A P  ap p ro ac h  z e ro ,  we h av e
lim lim
E *♦ i i
1  4
M *  4 P2 + „ .9  C v, * 9  2 WAP2-40 AP2-»0
* 2 w £ x 2
But t h i s  i s  i d e n t i c a l  w ith  t h e  o p t i c a l  o s c i l l a t o r  s t r e n g t h  a s  d e f in e d  
ab o v e , and th u s  we co n c lu d e
■^ im f  e  f  . o ■‘■mn Ao p t 
«APz - > 0
( IS )
S im i la r ly ,  t h e  d i f f e r e n t i a l  o p t i c a l  o s c i l l a t o r  s t r e n g t h  i s  d e f in e d  a s
f* lim f* (1 4 )
o p t Z>P2 - 0  “
T hus, u n d e r  c e r t a i n  s p e c i a l  l i m i t i n g  c o n d i t io n s ,  e x c i t a t i o n  by  e l e c t r o n  
im pao t and by  r a d i a t i o n  a b s o r p t io n  a r e  govern ed  by  s i m i l a r  law s*
A sid e  from  p o in t in g  o u t th e  f a c t  t h a t  t r a n s i t i o n  p r o b a b i l i t i e s  i n  
e l e o t r o n  s c a t t e r i n g  and r a d i a t i o n  a b s o r p t io n  a re  s i m i l a r  u n d e r  c e r t a i n  
c o n d i t io n s ,  e q u a t io n  (13) s e rv e s  a  more im p o r ta n t  q u a n t i t a t i v e  p u rp o s e .  
O b v io u sly  we a re  p ro v id e d  by e q u a t io n  ( IS )  w i th  a  means o f  m e asu rin g  th e  
o p t i c a l  o s c i l l a t o r  s t r e n g t h  u s in g  e l e c t r o n  im p ac t m ethods* T h is  m easu re ­
ment w i l l  be a  s im p le  and  s t r a i g h t - f o r w a r d  o n e , w ith  no h ig h e r  o rd e r  
m a tr ix  e le m e n ts  o f e l e c t r i c  moment c o m p lic a tin g  m a t te r s  a s  i s  t h e  c a se
-  13 -
i n  r a d i a t i o n  a b s o r p t io n .  The a d v a n ta g e  o f  t h i s  s t r a ig h t f o r w a r d  
m easurem ent w i l l  become a p p a re n t  s h o r t l y .
L e t us d iv e rg e  from  th e  p r e s e n t  s u b je c t  f o r  a  moment t o  p r e s e n t  
tw o d e f i n i t i o n s .  I n  u l t r a v i o l e t  s p e c tro s c o p y , i f  th e  o p t i c a l  
o s c i l l a t o r  s t r e n g t h  o f  a  p a r t i c u l a r  t r a n s i t i o n  i s  z e ro  ( i . e .  i f  t h e  
m a tr ix  e le m e n t o f  e l e c t r i c  d ip o le  moment f o r  t h e  t r a n s i t i o n  v a n is h e s )  
th e n  th e  t r a n s i t i o n  i s  s a id  t o  b e  " fo rb id d e n ” .  On t h e  o th e r  h an d , i f  
t h e  o p t i c a l  o s c i l l a t o r  s t r e n g t h  i s  f i n i t e  ( i . e .  i f  th e  m a tr ix  e lem en t 
o f  e l e c t r i c  d ip o le  moment i s  n o n -v a n is h in g )  th e n  t h e  t r a n s i t i o n  i s  
s a id  t o  be  "a llo w e d "  .  I n  u l t r a v i o l e t  s p e c tro s c o p y , i t  i s  o c c a s io n a l ly  
d i f f i c u l t  and  ev en  im p o s s ib le  t o  d e te rm in e  w h e th e r  a  p a r t i c u l a r  t r a n s i ­
t i o n  h a s  a  v a n is h in g  o r  a  n o n -v a n is h in g  m a tr ix  e le m e n t o f  e l e c t r i c  
d ip o le  moment, s in c e  a  weak t r a n s i t i o n  may be due t o  a  v e ry  w eak e l e c ­
t r i c  d ip o le  moment and  t h e r e f o r e  be a llo w e d  by t h e  above d e f i n i t i o n ,  o r  
e l s e  i t  m ig h t be due t o  an  e l e c t r i c  q u a d ru p o le  moment o r  m a g n e tic  d ip o le  
moment (w h ich  a r e  a lw ays v e ry  s m a ll)  and t h e r e f o r e  be f o r b id d e n .
E q u a tio n  ( 1 3 ) ,  h ow ever, p ro v id e s  u s  w ith  a  means o f  a c t u a l l y  
m e a su rin g  th e  e l e c t r i c  d ip o le  c o n t r i b u t i o n  t o  t h e  i n t e n s i t y  o f  th e  
t r a n s i t i o n  and  th e r e b y  b e in g  a b le  t o  a r r i v e  a t  a  d e f i n i t e  c o n c lu s io n  
a s  t o  w h e th e r  t h e  p a r t i c u l a r  t r a n s i t i o n  i n  q u e s t io n  i s  a l lo w e d  o r  
f o r b id d e n .  I t  can  b e  s e e n  t h a t  t h i s  p ro v id e s  one w ith  a  v e ry  d e f i n i t e  
a d v a n ta g e  o v e r  th e  s p e c t r o s c o p i s t  i n  t h i s  r e s p e c t .
2 T hese tw o d e f i n i t i o n s  w i l l  be  e n la rg e d  upon  i n  S e c t io n  7 , b u t  f o r  
t h e  p r e s e n t  th e y  w i l l  s u f f i c e  a s  g iv e n  h e r e .
14
1 .4  CONCLUSION
T h is  s e c t i o n  h a s  b e e n  a n  a t te m p t  t o  g iv e  some id e a  o f  t h e  o r i g i n
o f t h e  th e o ry  u se d  th ro u g h o u t t h i s  r e s e a r c h .  H ow ever, s in c e  i t  i s
2
im p o s s ib le  t o  m easure t h e  q u a n t i t y  e x p e r im e n ta l ly ,  i t  -w ill  be
n e c e s s a ry  t o  d e v e lo p  an  e q u a t io n  f o r  th e  c o l l i s i o n  c r o s s  s e c t i o n  th e  
te rm s  o f  w h ich  a r e  a l l  e x p e r im e n ta l ly  m e a s u re a b le .  Such an e q u a t io n  was 
d ev e lo p e d  b y  Jo n e s  (1 ) and F r a n c is  ( 2 ) ,  and t h e i r  e q u a t io n s  w i l l  be 
g iv e n  and  d is c u s s e d  i n  S e c t io n  3 .
SECTION 2
DESCRIPTION OF ELECTRON SPECTROMETER
2 .1  INTRODUCTION
The e l e c t r o n  s p e c tro m e te r  u se d  i n  t h i s  r e s e a r c h  i s  e s s e n t i a l l y  
t h e  same in s tru m e n t d e s c r ib e d  b y  K rasnow  (5 )  and  S ilv e rm a n  ( 6 ) .  I t  
was d e s ig n e d  and  c o n s t r u c te d  b y  Berm an, K rasnow , and  S ilv e rm a n  ( 1 2 ) ,  
a l l  fo rm e r w o rk e rs  i n  t h i s  l a b o r a to r y .  The s p e c tro m e te r  h as  b een  
d e s c r ib e d  i n  d e t a i l  i n  t h e  r e f e r e n c e s  c i t e d  ab o v e , b u t  f o r  th e  sa k e  
o f  c o m p le te n e s s ,  a  b r i e f  d e s c r i p t i o n  o f  t h e  in s tru m e n t  t o g e th e r  w ith  
m inor im provem ents in c o r p o r a te d  i n t o  i t  s in c e  i t s  o o n s t r u o t io n  w i l l  be  
g iv e n  h e r e .
F o r th e  p u rp o se s  o f  d e s c r i p t i o n ,  t h e  e l e c t r o n  s p e c tro m e te r  i s  m ost 
c o n v e n ie n t ly  d iv id e d  i n t o  f o u r  s e c t io n s *  th e  e l e c t r o n  gun , t h e  c o l l i ­
s io n  cham ber, th e  v e l o c i t y  a n a l y s e r ,  and  t h e  e l e c t r o n  m u l t i p l i e r .  T hese 
f o u r  s e c t io n s  w i l l  be  d is c u s s e d  i n d i v i d u a l l y  i n  t h i s  s e c t i o n ,  an d  i n  
S e c t io n  5 .2  t h e  o v e r a l l  o p e r a t io n  o f  t h e  e l e c t r o n  s p e c tro m e te r  w i l l  b e  
d i s c u s s e d .
2 .2  THE ELECTRON GUN
The e l e c t r o n  g u n , d e n o te d  b y  G i n  F ig u re  1 , s e rv e s  a s  a  s o u rc e  o f  
e l e c t r o n s .  I t  i s  c o m p le te ly  e n c lo s e d  i n  t h e  o o l l i s i o n  cham ber, C 
i n  F ig u re  1 , an d  t h e r e f o r e  i s  a lw ay s i n  c o n ta c t  w ith  t h e  g a s  u n d e r  
i n v e s t i g a t i o n .  The gun c o n s i s t s  o f  a n  i n d i r e c t l y  h e a te d  b a riu m  o x id e  
c o a te d  o a th o d e  e l e c t r o n  so u rc e  t o g e t h e r  w i th  a  s e r i e s  o f  f o u r  c i r c u l a r
ta n tu lu m  e l e c t r o d e s ,  e a c h  c o n ta in in g  a  c i r c u l a r  a p e r tu r e  a t  t h e  c e n t e r .
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The e l e o t r o n  gun  h a s  b e e n  d e s ig n e d  so  t h a t  a  w e l l  c o l l im a te d  c y l i n d r i c a l  
beam o f  e l e c t r o n s  w i l l  be  i s s u e d  fro m  i t *
The e l e o t r o n  gun , when o o n s t r u o te d ,  w as fo u n d  upon t e s t i n g  t o  g iv e  
a  beam o f  e l e c t r o n s  w h ich  i s  d iv e rg e n t  from  t h e  a x i s  by  a n  a n g le  o f  
a b o u t 40 m in u tes*  C a lc u la t io n s  have shown t h a t  a t  a  s c a t t e r i n g  a n g le  
o f  4  d e g re e s  t h i s  d iv e rg e n c e  w i l l  o a u s e , i n  t h e  m ost e x tre m e  (and  l e a s t  
l i k e l y )  c a s e ,  a n  e r r o r  o f  o n ly  a b o u t 1 .5 $ ,  and  a s  t h e  s c a t t e r i n g  a n g le  
i s  in c r e a s e d ,  t h i s  e r r o r  d e c re a s e s  p r o p o r t io n a te ly *  S in c e  c e r t a i n  
g e o m e tr io a l  f a o t o r s  in h e r e n t  i n  t h i s  p a r t i c u l a r  a p p a r a tu s  d e s ig n  p re v e n t  
a c c u r a te  m easu rem en ts from  b e in g  made a t  s c a t t e r i n g  a n g le s  l e s s  th a n  
4  d e g r e e s ,  t h i s  d iv e rg e n c e  i s  o f  l i t t l e  o r  no im p o r ta n c e .
The o x id e  c o a te d  o a th o d e  u se d  i n  t h e  e l e o t r o n  gun  i s  n o t  u n l ik e  
th o s e  fo u n d  i n  ca th o d e  r a y  tu b e s  ( 1 3 ) .  I t  c o n s i s t s  o f  a  sm a ll 
(1 1 /3 2 "  i n  le n g th )  n ic k e l  c y l in d e r ,  o r  " s l e e v e " ,  w h ich  i s  c lo s e d  on 
one e n d . The o x id e  c o a t in g  i s  d e p o s i te d  on th e  c lo s e d  e n d . The c a th o d e  
i s  i n d i r e c t l y  h e a te d  by a  b i f i l a r  wound tu n g s te n  h e a t in g  c o i l  w hich  i s  
i n s e r t e d  i n t o  t h e  n ic k e l  c y l i n d e r .  The h e a t in g  c o i l ,  h a v in g  a  r e s i s ­
ta n c e  o f a b o u t l - l / 2  ohms, i s  s u p p lie d  by  tw o o r  t h r e e  s ta n d a r d  s ix  
v o l t  s to r a g e  b a t t e r i e s ,  on F ig u re s  1 and  2 .  Eg and  Rg p ro v id e  f o r  
c o a rs e  and  f i n e  o o n t r o l ,  r e s p e c t i v e l y ,  o f  th e  h e a t in g  c u r r e n t .  The 
o x id e  c o a te d  o a th o d e  and  h e a t in g  c o i l  a r e  a  com m erc ia l p ro d u c t  s u p p l ie d  
by th e  R ad io  C o rp o ra tio n  o f  A m erica .
The f o u r  e l e c t r o d e s  o f  th e  e l e c t r o n  gun a r e  shown s c h e m a t ic a l ly  
i n  F ig u re  1 . Each o f  t h e  t h r e e  e l e c t r o d e s  n e a r e s t  th e  c a th o d e  c o n ta in s  
a  c i r c u l a r  a p e r tu r e  2  mm. i n  d ia m e te r ,  w h ile  th e  a p e r t u r e  i n  t h e  f o u r th  
e l e c t r o d e  i s  1 mm. i n  d ia m e te r .  The f i r s t  e l e c t r o d e  i s  i n  e l e c t r i c a l
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c o n ta c t  w i th  t h e  c a th o d e .  The seco n d  e l e c t r o d e  i s  t h e  " f o c u s s in g "  
e l e c t r o d e  and  i s  m a in ta in e d  a t  a n  e m p i r i c a l ly  d e te rm in e d  optimum po­
t e n t i a l  f o r  maximum c o l l im a t io n .  B i s  t h e  b a t t e r y  w h ich  p r o v id e sM
th e  f o o u s s in g  p o t e n t i a l .  Sw^7, a  r o t a r y  s e l e c t o r  s w i tc h ,  p r o v id e s  a  
c o u rs e  a d ju s tm e n t  o f  t h e  fo o u s s in g  v o l t a g e ,  and th e  v o l t a g e  d i v i d e r  
c i r c u i t  fo rm ed  b y  B7  and  Rg p ro v id e  f i n e  a d ju s tm e n t .  The t h i r d  and 
f o u r t h  e l e c t r o d e s  a r e  i n  e l e c t r i o a l  c o n ta c t  w ith  e a c h  o th e r ,  and  s e rv e  
a s  a n  a c c e l e r a t i n g  e l e c t r o d e .
I t  w i l l  be n o te d  i n  F ig u re  1 o r  2 t h a t  a c c e l e r a t i o n  o f  th e  e l e c t r o n s  
i s  e f f e c t e d  by  h o ld in g  th e  a c c e l e r a t i n g  e l e c t r o d e  a t  g round  p o t e n t i a l  
w h ile  t h e  c a th o d e  i s  c h a rg e d  w i th  t h e  n e g a t iv e  a c c e l e r a t i n g  p o t e n t i a l - -  
i n  t h i s  w o rk , u s u a l ly  a b o u t 500 v o l t s .  The r e a s o n  f o r  t h i s  i s  a s  
f o l l o w s .  I t  i s  d e s i r a b l e  f o r  re a s o n s  o f  p r a c t i c a l i t y  t h a t  th e  e l e c t r o n  
s p e c tro m e te r  be  m a in ta in e d  a t  ground p o t e n t i a l .  I f  t h e  ca th o d e  w ere 
a t  g ro u n d  p o t e n t i a l  and th e  a c c e l e r a t i n g  e l e c t r o d e  a t  +500 v o l t s ,  t h e r e  
w ould be  an  e l e c t r i c  f i e l d  s e t  up b e tw een  th e  a c c e l e r a t i n g  e l e c t r o d e  
and  t h e  w a l l s  o f  th e  a p p a r a tu s  w h ich  w ould  h av e  a  g r e a t  e f f e c t  on th e  
e l e c t r o n  beam  w h ich  e n t e r s  from  t h e  e l e c t r o n  gu n . How ever, w ith  th e  
a c c e l e r a t i n g  e l e c t r o d e  a t  g round p o t e n t i a l ,  t h e  e l e c t r o n  beam w i l l  e n t e r  
a n  e s s e n t i a l l y  f i e l d  f r e e  r e g io n ,  and  w i l l  be u n a f f e c t e d .  B^ and  Bg 
to g e t h e r  serve  a s  t h e  a c c e l e r a t i n g  v o l ta g e  b a t t e r y .  The r e a s o n  f o r  
ad d in g  t h e  e x t r a  b a t t e r y  Bg w i l l  become a p p a re n t  i n  S e c t io n  2 .4
The f lo w  o f  e l e c t r o n s  i n  th e  sy stem  r e q u i r e s  some e x p la n a t io n .
The e l e o t r o n  beam f lo w s  from  th e  c a th o d e  th ro u g h  th e  fo o u s s in g  and 
a c c e l e r a t i n g  e l e c t r o d e s  i n t o  th e  re m a in d e r  o f  th e  e l e c t r o n  s p e c t r o m e te r .
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The r a t e  a t  w hioh c h a rg e  le a v e s  th e  c a th o d e  i s  known a s  t h e  e m is s io n  
c u r r e n t ,  an d  i s  m easured  b y  th e  m icroam m eter A^. The r a t e  a t  w h ich  
o h a rg e  s t r i k e s  th e  f o o u s s in g  e l e c t r o d e  i s  c a l l e d  th e  f o c u s s in g  c u r r e n t  
and i s  m easured  by th e  m ioroam m eter Ag. F i n a l l y ,  t h e  r a t e  a t  w h ich  
o h a rg e  s t r i k e s  t h e  a c c e l e r a t i n g  e l e c t r o d e s  i s  c a l l e d  th e  a c c e l e r a t i n g  
o u r r e n t  and  i s  m easured  b y  t h e  m icroam m eter Ag. The beam  c u r r e n t  i s  
d e f in e d  a s  t h a t  p o r t i o n  o f  t h e  e m it te d  c u r r e n t  w h ich  a c t u a l l y  le a v e s  
t h e  e l e c t r o n  g u n , and i s  e v e n tu a l ly  o o l l e c t e d  on some o th e r  p a r t  o f  
t h e  e l e c t r o n  s p e c tr o m e te r .  I t  i s  o b v io u s , t h e n ,  t h a t  t h e  e m is s io n  
o u r r e n t  i s  e q u a l  t o  th e  sum o f  th e  f o c u s s in g ,  a c c e l e r a t i n g ,  and  beam 
c u r r e n ts *
The e l e c t r i c a l  c i r c u i t s  f o r  th e  e l e c t r o n  gun  (an d  m ost o f  t h e  o th e r  
co m ponen ts , a l s o )  a r e  h o u sed  i n  a  m e ta l  r e l a y  r a c k ,  and w here a  g round  
i s  i n d i c a t e d  i n  F ig u re  2 , i t  i s  t h i s  r e l a y  b ack  w h ich  i s  m e a n t. The 
r e l a y  r a c k  i s  c o m p le te ly  i n s u l a t e d  fro m  th e  e l e c t r o n  s p e c tro m e te r  e x ­
c e p t  f o r  one w ire  w h ich  p a s s e s  th ro u g h  a  g a lv a n o m e te r , G i n  F ig u re  2 , 
b e fo re  b e in g  g rounded  t o  th e  r e l a y  r a c k .  Through t h i s  w ire  p a s s  a l l  
t h e  e l e c t r o n s  w hioh  have l e f t  t h e  e l e c t r o n  gun, i . e .  t h e  beam c u r r e n t .  
Thus th e  beam c u r r e n t  m ust p a s s  th ro u g h  t h e  g a lv a n o m e te r  b e f o r e  r e ­
e n t e r in g  t h e  a c c e l e r a t i n g  b a t t e r i e s .  By c a l i b r a t i n g  th e  g a lv a n o m e te r , 
i t  i s  p o s s ib le  t o  m easure th e  beam o u r r e n t  v e ry  a c c u r a t e l y .  Swg s e r v e s  
a s  a  b y -p a s s  s w itc h  f o r  th e  g a lv a n o m e te r .
A n o te  i n  r e g a rd  t o  m easurem ent o f v o l t a g e s  sh o u ld  b e  added  a t  
t h i s  p o i n t .  A two c i r c u i t ,  5 p o s i t i o n  s w i tc h ,  Sw^l* w h ich  i s  r e f e r r e d  
t o  a s  t h e  " p o te n t io m e te r  s e l e c t o r  s w i tc h " ,  a l lo w s  a l l  v o l t a g e s  t o  be
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m easured  on one p o te n t io m e te r .  The g a lv a n o m e te r  u sed  f o r  m e a su rin g  
beam c u r r e n t  s e rv e s  a l s o  a s  a  n u l l  p o in t  i n d i c a t o r  f o r  th e  p o t e n t i o ­
m e te r ,  an d  i s  c o n n e c te d  i n t o  t h e  c i r c u i t  by  means o f  Sw^ 3  F o r  ex am p le , 
i f  one w is h e s  t o  m easure a c c u r a t e l y  t h e  a c c e l e r a t i n g  p o t e n t i a l ,  SWg 
i s  p la c e d  i n  th e  v o l ta g e  m e asu rin g  p o s i t i o n ,  and  th e  v o l ta g e  d ro p  t h a t  
B-i and  B_ c a u se  a c r o s s  a  s ta n d a r d  1000 ohm r e s i s t a n c e ,  Ra , i s  m easured1 s °
on t h e  p o te n t io m e te r .
Rough r a p id  m easurem en ts  o f  v o l t a g e s  can  b e  made b y  m eans o f  th e  
’’m e te r  i n s e r t i o n  s w itc h " ,  Sw^g, w hich  a l lo w s  a l l  v o l t a g e s  t o  b e  m easured  
on a  s in g le  v o l tm e te r .
2 .3  THE COLLISION CHAMBER
As s t a t e d  p r e v io u s ly ,  t h e  e l e c t r o n  gun i s  w h o lly  c o n ta in e d  i n  t h e  
c o l l i s i o n  cham ber. The beam o f  e l e c t r o n s  i s s u e s  from  th e  gun i n t o  t h e  
c o l l i s i o n  cham ber w here t h e  e l e c t r o n s  un d erg o  b o th  e l a s t i c  and i n e l a s t i c  
c o l l i s i o n s  w i th  th e  m o le c u le s  ( o r  a tom s) o f  th e  g a s .  A lth o u g h  c o l l i s i o n s  
ooou r o v e r  th e  e n t i r e  p a th  le n g th  o f  t h e  e l e c t r o n  beam , o n ly  th o s e  
c o l l i s i o n s  t a k in g  p la c e  w i th in  th e  volum e d e f in e d  b y  th e  i n t e r s e c t i o n  
o f  th e  c y l i n d r i c a l  e l e c t r o n  beam and  t h e  v i r t u a l  wedge form ed b y  s l i t s  
and  Sg ( s e e  F ig u re  1) can  r e a c h  Sg w ith o u t  f u r t h e r  c o l l i s i o n .  S in c e  
t h e  e l e c t r o n  gun  can  be  r o t a t e d  by  means o f  a  worm-geam a rra n g e m e n t 
on t h e  c o l l i s i o n  cham ber to p ,  s c a t t e r i n g  c a n  be s tu d ie d  a s  a  f u n c t i o n  
o f  t h e  s c a t t e r i n g  a n g le ,  w hioh  i s  th e  a n g le  by  w h ich  th e  s c a t t e r e d  
e l e c t r o n  i s  d e f l e c t e d  from  i t s  in c id e n t  d i r e c t i o n  by  th e  c o l l i s i o n  
( s e e  F ig u re  1 ) .
Those e l e c t r o n s  w h ich  un d erg o  c o l l i s i o n  w i th i n  th e  s c a t t e r i n g  
volum e and w hich  a r e  d e f l e c t e d  from  t h e i r  in c id e n t  d i r e c t i o n  by  an  
a n g le  Q  p a s s  th ro u g h  s l i t s  S-  ^ an d  Sg i n t o  t h e  v e l o o i ty  a n a ly z e r .
2 .4  THE VELOCITY ANALYZER
The v e l o c i t y  a n a ly z e r ,  A i n  F ig u re  1 , i s  o f  t h e  e l e c t r o s t a t i c  
p a r a l l e l  p l a t e  ty p e  d e s c r ib e d  b y  Y arn o ld  and  B o lto n  ( 1 4 ) .  I t  c o n s i s t s  
o f  tw o p a r a l l e l  p l a t e s ,  and P g , w e l l  i n s u l a t e d  from  one ano-U ier.
The v e l o c i t y  a n a ly z e r  i s  h oused  i n  a  r e c t a n g u la r  b r a s s  b o x , one w a ll  
o f  w hich  i s  t h e  p l a t e  P g . P l a t e  P^ i s  m ounted on an  i n s u l a t i n g  s u p p o r t 
i n s i d e  th e  b o x . T h is  p a r a l l e l  p l a t e  a rra n g e m e n t r e f o c u s s e s  e l e c t r o n s  
a t  th e  e x i t  s l i t  i f  th e  e l e c t r o n s  e n t e r  w i th i n  t h e  a n g u la r  ran g e  
JT ± o*. t o  P g , w here «< i s  a  s u f f i c i e n t l y  s m a ll a n g le .  A l l  e l e c t r o n s  o f  
th e  same e n e rg y  w hich  e n t e r  t h e  v e l o c i t y  a n a ly z e r  th ro u g h  s l i t  Sg a r e  
r e fo c u s s e d  on p l a t e  Pg a f t e r  p a s s in g  th ro u g h  t h e  e l e c t r o s t a t i c  f i e l d ,  
th u s  fo rm in g  an  im age o f  S g . E le c t r o n s  o f  a  d i f f e r e n t  e n e rg y  fo rm  a n o th e r  
im age o f  Sg e lse w h e re  on P g . By v a ry in g  th e  v o l t a g e  d i f f e r e n c e  be tw een  
t h e  p l a t e s  th e s e  im ages may be i n d i v i d u a l l y  b ro u g h t o n to  th e  e x i t  s l i t ,
L e t E be th e  e n e rg y  o f  th e  e l e c t r o n s  w hich  a r e  fo c u s s e d  i n  an  im age 
o f  s l i t  S£ on e x i t  s l i t  Sg , and  l e t  E + AE  be t h e  e n e rg y  o f  t h e  e l e c ­
t r o n s  w hich  a r e  fo c u s s e d  i n  a n  im age w h ich  j u s t  to u c h e s ,  b u t  d o es  n o t 
o v e r la p ,  th e  im age form ed by  e l e c t r o n s  o f  e n e rg y  E . Then th e  r e s o lv in g  
pow er R i s  d e f in e d  a s
Y arn o ld  and  B o lto n  show t h a t  f o r  t h i s  ty p e  o f  v e l o c i t y  a n a ly z e r ,  t h e  
r e s o lv in g  pow er R i s  g iv e n  b y
x
R “ —
w here x  = d is ta n o e  be tw een  Sg and Sg 
s -  s l i t  w id th
I n  t h i s  p a r t i c u l a r  d e s ig n ,  x  = 1 2 .5  cm. and s “  0 .0 0 5  cm ., t h u s  g iv in g  
a  r e s o lv in g  power o f  a b o u t 2500 .
I t  c a n  be shown t h a t
E * 2d
w here E “  e n e rg y  o f  inoom ing  e l e c t r o n s
V s  v o l ta g e  d i f f e r e n c e  be tw een  and  P_ suoh a s  t o
b r in g  th e  im age o f  Sg e x a c t ly  o n to  S g .
d a  d i s ta n c e  be tw een  P-  ^ and Pg
E q u a tio n  (1 7 ) may b e  w r i t t e n  a s
E * kV
w here k  * - ~
I n  t h i s  d e s ig n ,  x  = 1 2 .5  cm. and  d  = 6 .2 5  cm ., so  t h a t  k e q u a ls  u n i t y .
The c o n s ta n t  k  was m easu red  e x p e r im e n ta l ly  b y  tw o d i f f e r e n t  m ethods (5 )  
and found  to  be  e q u a l t o  1 .0 1 9 , w hich  i s  i n  f a i r l y  good ag reem en t w ith  
t h e  t h e o r e t i c a l  v a lu e  o f  1 . 0 0  when one c o n s id e r s  t h e  v a r io u s  p o s s ib le  
so u rc e s  o f  e r r o r .
The v e l o c i t y  a n a ly z e r  i s  o p e ra te d  i n  th e  fo l lo w in g  w ay. Suppose 
i t  i s  d e s i r e d  t o  s tu d y  an  e x c i t a t i o n  o f  W v o l t s  i n  an  atom  ( o r  a  m o le c u le ) .  
Then i t  i s  r e q u i r e d  o f  th e  v e l o c i t y  a n a ly z e r  t h a t  o n ly  th o s e  e l e c t r o n s  
w h ich  have im p a r te d  W v o l t s  o f  e n e rg y  t o  th e  atom  th ro u g h  c o l l i s i o n  
re a c h  th e  e x i t  s l i t ,  S g . I f  a n  e l e c t r o n  i s  i n i t i a l l y  a c c e le r a te d  by  a
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p o t e n t i a l  o f  E v o l t s ,  th e n  i t s  e n e rg y  a f t e r  c o l l i s i o n  w i l l  b e  
E -  W v o l t s ,  and b y  e q u a t io n  (1 7 ) we m ust a p p ly  a  p o t e n t i a l  d i f f e r ­
e n c e  o f  E -  W v o l t 8  b e tw een  P j  and Pg so  t h a t  e l e o t r o n s  o f  t h i s  
e n e rg y  w i l l  e n t e r  th e  e x i t  s l i t ,  S 3 . We r e c a l l  t h a t  th e  ca th o d e  i n  
t h e  e l e c t r o n  gun i s  c o n n e c te d  ( f o r  a c c e l e r a t i n g  p u rp o s e s )  t o  tw o 
b a t t e r i e s  i n  s e r i e s ,  and  B g. To e l im in a te  d i f f e r e n c e s  i n  b a t t e r y  
d r i f t  c au sed  by h a v in g  tw o d i f f e r e n t  b a t t e r y  p ack s  f o r  th e  a n a ly z e r  an d  
th e  a c c e l e r a t i n g  v o l t a g e s ,  t h e  a n a ly z e r  i s  c o n n e c te d  o n to  b a t t e r y  B^ 
a lo n g  w ith  th e  c a th o d e .  S in c e  t h e  o a th o d e  i s  o o n n ec ted  t o  b o th  B^ and  
B3 , th e  e l e c t r o n s  le a v in g  t h e  gun have a n  e n e rg y  o f  90 v o l t s  more th a n  
B^ a lo n e  w ould im p a r t  t o  th e  v e l o c i t y  a n a ly z e r .  To make up f o r  t h i s  
d i f f e r e n c e ,  a  second  90 v o l t  b a t t e r y ,  Bg, i s  co n n e o te d  i n  s e r i e s  
be tw een  B^ and th e  p l a t e s  o f  t h e  a n a ly z e r .  The v o l ta g e  o f  Bg i s  a p p l ie d  
t o  th e  a n a ly z e r  by means o f  t h e  v o l ta g e  d i v i d e r  o i r o u i t  fo rm ed  b y  Bg,
R10 , and R^. i s  a l i n e a r  100 ,000  ohm 15 t u r n  H e l ip o t ,  and R^q i s  a 
s ta n d a rd  1000 ohm r e s i s t a n c e .  Mow i n  o r d e r  t h a t  e l e o t r o n s  w i th  e n e rg y  
E -  W be p a s s e d  th ro u g h  s l i t  Sg, E -  W v o l t s  o f  e n e rg y  a r e  a p p l ie d  
t o  t h e  v e l o c i t y  a n a ly z e r  b y  means o f  t h e  s e r i e s  c o m b in a tio n  o f  B^ and  
th e  v o l ta g e  d iv i d e r  c i r c u i t .  Changing th e  s e t t i n g  on R^ w i l l  o au se  
e l e c t r o n s  o f  a  d i f f e r e n t  e n e rg y  t o  p a s s  th ro u g h  Sg. R^ i s  c a l i b r a t e d  
by  an  a c c u r a te  m easurem ent o f  t h e  p o t e n t i a l  o f  Bg. The r e a d in g s  o f
a r e  r e f e r r e d  t o  a s  " v o lta g e  d iv i d e r  r e a d in g s ” , and  u s u a l l y  a b b r e v ia te d  
t o  ”V. D .” . By m aking n o te  o f  th e  v o l ta g e  d iv i d e r  r e a d in g  and h a v in g  
m easured  t h e  p o t e n t i a l  o f  Bg, one c a n  e a s i l y  a s c e r t a i n  t h e  e x a c t  e n e rg y
o f  th e  e l e c t r o n s  w h ich  a r e  b e in g  p a s se d  i n t o  S „ . F o r c o n v e n ie n c e , th eo
d i f f e r e n c e ,  W, b e tw een  t h e  k i n e t i c  e n e rg y  o f  th e  i n c id e n t  and  s c a t t e r e d
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e l e o t r o n s  i s  com pu ted . T h is  d i f f e r e n c e  i s  f r e e  o f  e r r o r  due t o  c o n ta o t  
p o t e n t i a l s .  The a c c e l e r a t i n g  v o l t a g e ,  on th e  o th e r  h an d , may d i f f e r  by  
a  sm a ll am ount fro m  th e  e l e c t r o n  k i n e t i c  e n e rg y  due t o  t h e s e  c o n ta c t  
p o t e n t i a l s .  The p e rc e n ta g e  o f  e r r o r  i s  s m a l l ,  how ever, s in c e  th e  
k i n e t i c  e n e rg y  i s  l a r g e .
2 .5  THE ELECTRON MULTIPLIER
The e l e c t r o n  m u l t i p l i e r ,  b a se d  on a  d e s ig n  by  J .  S . A lle n  ( 1 5 ) ,  
c o n s i s t s  o f  1 2  b e ry l l iu m -c o p p e r  cynodes w i th  good se c o n d a ry  e m is s io n  
c h a r a c t e r i s t i c s .  An e l e c t r o n  p a s s in g  th ro u g h  Sg s t r i k e s  th e  f i r s t  dynode 
and r e l e a s e s  s e v e r a l  s e c o n d a ry  e l e c t r o n s .  T hese a r e  a t t r a c t e d  t o  th e  
seoond  dynode by  a  p o t e n t i a l  d i f f e r e n c e  o f  a b o u t 500 v o l t s  w hioh e x i s t s  
b e tw een  eac h  c o n s e c u t iv e  p a i r  o f  dynodes i n  th e  m u l t i p l i e r .  Each e l e c ­
t r o n  s t r i k i n g  th e  seco n d  dynode i n  t u r n  knocks o f f  s e v e r a l  se c o n d a ry  
e l e c t r o n s  w h ic h  a r e  a t t r a c t e d  t o  t h e  t h i r d  dynode , and  t h i s  c a sc a d e
p ro c e s s  c o n t in u e s  down th ro u g h  a l l  1 2  dynodes u n t i l  f i n a l l y  a p p ro x im a te ly  
6
10 e l e o t r o n s  s t r i k e  th e  c o l l e c t o r  g r i d ,  d e n o te d  by  e . g .  i n  F ig u re  1 , f o r  
e a c h  i n c i d e n t  e l e o t r o n  w hich  s t r u c k  t h e  f i r s t  d y n o d e . T h is  s m a ll  e l e c t r i c  
p u ls e  i s  a m p l i f ie d  b y  an  A tom ic In s tru m e n ts  Company Model 206A p re a m p li­
f i e r  an d  a n  A tom ic I n s t r u m e n ts  Company Model 204B f a s t  l i n e a r  a m p l i f i e r ,  
and  f i n a l l y  i s  r e g i s t e r e d  a s  a  " c o u n t"  on an  A tom ic In s t ru m e n ts  Company 
M odel 106 M u l t i s c a l e r .  A DuMont Type 303 o s c i l lo s c o p e  i s  u se d  t o  
m o n ito r  t h e  p u ls e s  e n t e r in g  t h e  M u l t i s c a l e r .  A DuMont Type 263B h ig h  
v o l ta g e  power su p p ly  i s  u se d  t o  su p p ly  a  h ig h  v o l ta g e  t o  th e  e l e c t r o n  
m u l t i p l i e r  so t h a t  a  p o t e n t i a l  d i f f e r e n c e  o f  a b o u t 500 v o l t s  may be 
m a in ta in e d  b e tw een  c o n s e c u t iv e  p a i r s  o f  d y n o d es .
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2 .6  CONCLUSION
T h is  c o m p le te s  t h e  d e s c r i p t i o n  o f  t h e  e s s e n t i a l  com ponents o f  
t h e  e l e c t r o n  s p e c t r o m e te r .  S e v e r a l  o f  th e  more im p o r ta n t  m o d i f ic a t io n s  
w h ich  have b e e n  made i n  i t  s in o e  i t s  c o n s t r u c t io n  h ave  b e e n  c o l l e c t e d  
i n  A ppendix  I  f o r  f u t u r e  r e f e r e n c e .
The a c t u a l  a p p l i c a t i o n  o f  t h e  e l e c t r o n  s p e c tro m e te r  t o  t h e  s tu d y  
o f  c o l l i s i o n  c r o s s  s e c t i o n s  w i l l  b e  d is c u s s e d  i n  S e c t io n  3 and  
i l l u s t r a t e d  i n  S e c t io n  5 .2 .
SECTIOB 3
experim ental  c o l l is io n  cross se c t io n  equations
3 .1  INTRODUCTION OF COLLISION CROSS SECTION FORMULAE
The dependence o f  t h e  s c a t t e r e d  c u r r e n t  on  p r e s s u r e ,  c o l l i s i o n  
c r o s s  s e c t i o n ,  e t c . ,  h a s  b een  s tu d ie d  by Jo n es  ( l )  and  F r a n c is  (2 )  f o r  
tw o c a s e s j  ( a )  e x c i t a t i o n  t o  a  d i s c r e t e  e x c i t e d  s t a t e ,  and  (b )  e x o i t a t i  
t o  an  e x c i te d  s t a t e  w h ich  i s  a n  u n re s o lv e d  d i s c r e t e  s t a t e ,  o r l i e s  i n  
t h e  co n tin u u m . I f  t h e  e q u a t io n  o b ta in e d  by  Jo n es  and  F ra n c e s  be so lv e d  
f o r  th e  c o l l i s i o n  c r o s s  s e c t i o n ,  t h e  fo l lo w in g  r e l a t i o n s  a r e  o b ta in e d j
w here <T, S a  th e  c o l l i s i o n  c r o s s - s e c t i o n  f o r  c a s e s  ( a )  and ( b ) ,  
r e s p e c t i v e l y
K* * an  a p p a ra tu s  c o n s ta n t
c a s e  ( a ) ( 18)
c a s e  (b ) (1 9 )
dW, r a t i o  o f  a r e a  t o  
t i o n  u n d e r  s tu d y
h e ig h t  f o r  th e  t r a n s i ­
.  I*  * s c a t t e r e d  c u r r e n t  
f o r  a  g iv e n  lo s s  W
I  *  maximum s o a t t e r e d  c u r r e n t  f o r  th e  t r a n s i t i o n  
u n d er s tu d y
* t o t a l  a b s o r p t io n  c o e f f i c i e n t  (ho w ev er, s e e  S e c t io n
5 .2 2 )
P = p r e s s u r e  o f  t h e  g as  i n  t h e  c o l l i s i o n  cham ber
A  = p a th  le n g th  o f  t h e  e l e c t r o n  beam th ro u g h  th e  
s c a t t e r i n g  gas
-  27 -
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V = s c a t t e r i n g  ■volume
£  = e n e rg y  o f  t h e  i n c i d e n t  e l e o t r o n s
W * e n e rg y  lo s s  f o r  th e  t r a n s i t i o n  u n d e r  s tu d y ; i . e .  
th e  am ount o f  e n e rg y  l o s t  b y  a n  in c id e n t  e l e c t r o n  
upon c o l l i d i n g  i r i t h  t h e  g as  m o leo u le
I 0  = i n t e n s i t y  o f  th e  i n c id e n t  beam o u r r e n t
E q u a t io n s  (1 3 )  and  (1 9 ) oan  b e  s im p l i f i e d  t o  some e x te n t*  I t  c a n  
be  shown t h a t  a t  s c a t t e r i n g  a n g le s  g r e a t e r  th a n  2  d e g re e s*  th e  s c a t t e r ­
in g  -volume V i s  i n v e r s e l y  p r o p o r t i o n a l  t o  s i n  0  ,
w here  a  i s  a  c o n s ta n t  o f  p r o p o r t i o n a l i t y  and  Q  i s  th e  s c a t t e r i n g  a n g le .  
A n o th e r  s i m p l i f i c a t i o n  may be made b y  n o t in g  th e  f a c t  t h a t  a l l  m easu re­
m ents th ro u g h o u t  t h e  e n t i r e  s tu d y  o f  a  g as  a r e  made u s in g  t h e  same beam 
o u r r e n t ,  nam ely  3*16 m ic ro am p e re s . T h e re fo re  I Q c a n  be in c o rp o r a te d  
i n t o  t h e  a p p a r a tu s  c o n s ta n t  K* a lo n g  w i th  a .  I n  a d d i t i o n ,  a l l  c o n v e r­
s io n  f a c t o r s  may a l s o  be  in c o rp o r a te d  i n t o  K* so  t h a t  we o b ta in  an  
e x p r e s s io n  f o r  6  and  S i n  te rm s  o f  th e  d i r e c t l y  m easu red  q u a n t i t i e s .
C o n s e q u e n tly , e q u a t io n s  (18 ) and  (1 9 ) beoom e, r e s p e c t iv e ly *
s in g
Kbe
p ( e - w) ( 20)
<*p jP
(21)
w here  K * th e  c o m p o site  a p p a ra tu s  c o n s ta n t  
& s  p a th  l e n g th  i n  cm.
P = p r e s s u r e  i n  mm. o f  m eroury
E,W * e n e r g ie s  i n  e l e c t r o n  v o l t s
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I  *  s c a t t e r e d  c u r r e n t  e x p re s s e d  a s  number o f  o o u n ts  
i n  1 0  seco n d s
b “  a s  p r e v io u s ly  d e f in e d ,  i n  v o l t s *
I n  e q u a t io n  (2 1 ) t h e  q u a n t i t y  S i s  r e f e r r e d  t o  a s  t h e  d i f f e r e n t i a l  
c o l l i s i o n  c r o s s  s e c t i o n  a l th o u g h  i t  i s ,  i n  f a c t ,  a n  a v e ra g e  o f  t h e  
d i f f e r e n t i a l  c o l l i s i o n  c r o s s  s e c t i o n s  o v e r  a  ra n g e  o f  e n e r g i e s  d e t e r ­
m ined by t h e  r e s o l u t i o n  o f  th e  v e l o c i t y  a n a ly z e r  and  t h e  e n e rg y  s p re a d  
i n  t h e  i n c i d e n t  e l e c t r o n  beam . I n  t h e  r e g io n  o f  th e  sp e c tru m  w here  t h e  
c o l l i s i o n  c r o s s  s e c t i o n  ch an g e s  s lo w ly  w i th  W, S and  s  a r e  e s s e n t i a l l y  
t h e  same a s  w as p o in te d  o u t ( i n  e f f e c t )  b y  Jo n es  (1 )*
3 .1 * 1  G e n e ra l iz e d  O s c i l l a t o r  S t r e n g th s  fro m  C o l l i s i o n  C ro ss  S e c t io n s  
I n  S e o t io n  1 t h e  r e l a t i o n s h i p  b e tw een  o o l l i s i o n  c r o s s  s e c t i o n s  
and  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h s  w as g iv e n  a s
W P 1  o
»  (10)
w
i f  th e  e x c i t a t i o n  o o c u rs  b e tw ee n  d i s c r e t e  s t a t e s ,  and
f« ( 1 2 )
mn * 2
i f  th e  e x c i t a t i o n  o c c u rs  t o  an  u n re s o lv e d  d i s c r e t e  s t a t e ,  o r  a  s t a t e
i n  t h e  c o n tin u u m . By m aking  u se  o f  e q u a t io n s  (2 0 ) and  (2 1 ) th e s e
g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h s  may be oom puted fro m  c o l l i s i o n  c r o s s
s e c t i o n  d a t a .  I n  a d d i t i o n  t o  m e a su rin g  th e  a c t u a l  c r o s s  s e c t i o n  i t s e l f ,
2t h e  q u a n t i t i e s  W, P-^, Pg and  ( i^ P )  m ust be  m e a su re d . The m easurem en t 
o f  W h a s  b een  d e s c r ib e d  i n  S e c t io n  2 .3 .  P^ ca n  be o b ta in e d  fro m  th e  
a c c e l e r a t i n g  v o l ta g e  E , an d  Pg can  be  com puted fro m  E an d  W. S in c e
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+ “  2  P i  Pg ooo 6  , t h i s  q u a n t i t y  c a n  b e  com puted
2
once P ^ , P 2  *nd  B  a r e  know n. I n  a o t u a l  p r a c t i c e ,  how ev er, / i P  i s  
com puted  fro m  a n  a p p ro x im a tio n  t o  t h e  e q u a t io n .
(22)
w h ere
A d e r i v a t i o n  o f  t h i s  a p p ro x im a tio n  w i l l  b e  fo u n d  i n  A ppend ix  I I .
3 .2  DISCUSSION OF CROSS SECTION FORMULAE
F o r  t h e  p u rp o s e s  o f  e x p l a n a t i o n ,  i t  w ould  b e  o f  i n t e r e s t  t o  g iv e  
a  d e t a i l e d  d i s c u s s i o n  o f  a l l  te rm s  i n  e q u a t io n  ( 2 0 ) .  T hese  te rm s  -w ill 
b e  t a k e n  up and  d i s c u s s e d  i n d i v i d u a l l y  an d  t h e i r  r e s p e c t i v e  m eans o f  
m easu rem en t d e s c r ib e d .
K, t h e  a p p a r a tu s  c o n s t a n t ,  i s  a  num ber w h ich  i s  a  f u n c t i o n  o f  
v a r io u s  d im e n s io n s  o f  t h e  e l e c t r o n  s p e c tr o m e te r  and  o f  t h e  d i f f e r e n t  
o o n s ta n t s  o f  p r o p o r t i o n a l i t y  an d  c o n v e r s io n  f a c t o r s  w h ich  h av e  b een  
i n c o r p o r a te d  i n t o  i t .  T hus, i t  i s  p o s s i b le  t o  c a l c u l a t e  K t h e o r e t i ­
c a l l y .  H ow ever, i n  p r a c t i c e  t h i s  i s  n o t  p r a c t i c a l  s in c e  many o f  th e  
d im e n s io n s  and  o o n s ta n t s  and  c o n v e r s io n  f a c t o r s  a r e  s u b je c t  t o  ch an g e  
o v e r  a  p e r io d  o f  t i m e .  I n s t e a d ,  w hat i s  done i s  t h a t  th e  a p p a r a tu s  
c o n s ta n t  i s  m e asu red  by  m eans o f  c a l i b r a t i n g  th e  s p e c tro m e te r  w i th  a  
s u b s ta n c e  f o r  w h ich  th e  c o l l i s i o n  c r o s s  s e c t i o n s  have b e e n  c a l c u l a t e d  
t h e o r e t i c a l l y  u s in g  e q u a t io n  ( 6 ) .  The o n ly  s u b s ta n c e  f o r  w h ioh  th e  
g ro u n d  and  a n  e x c i t e d  s t a t e  wave f u n c t i o n  a r e  s u f f i c i e n t l y  w e ll-k n o w n
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t o  p e rm i t  t h i s  c a l c u l a t i o n  i s  h e l iu m . The t h e o r e t i c a l  c o l l i s i o n  c r o s s
s e c t i o n s  h av e  b e e n  c a l c u l a t e d  f o r  t h e  l ^ S  > 2 *P t r a n s i t i o n  o f  h e l iu m
b y  Jo n e s  (1 )  up t o  A P^ * 0 *4  u s in g  t h e  H y l le r a a s  wave f u n c t i o n .  T hese 
w ere  l a t e r  e x te n d e d  t o  A P  = 1*2 b y  S ilv e rm a n  ( 3 6 ) .
From th e  c a l c u l a t e d  v a lu e s  o f  t h e  h e l iu m  c o l l i s i o n  c r o s s  s e c t i o n s ,  
t h e  a p p a r a tu s  c o n s ta n t  ca n  b e  d e te rm in e d  u s in g  e q u a t io n  ( 2 0 ) .  A f t e r  
t h e  a p p a ra tu s  c o n s t a n t  h a s  b e e n  fo u n d , i t  i s  th e n  u se d  t o  o b t a in  a b s o lu te  
v a lu e s  o f  t h e  c o l l i s i o n  c r o s s  s e c t i o n s  f o r  some t r a n s i t i o n  o f  t h e  p a r t i ­
c u l a r  g a s  u n d e r  i n v e s t i g a t i o n ,  u s in g  e q u a t io n  ( 2 1 ) i f  t h e  g a s  i s  a  
m o le c u la r  one— o th e rw is e  e q u a t io n  ( 2 0 ) .
I n  p r a c t i c e ,  t h e  w ay i n  w h io h  t h i s  i s  done i s  t h e  f o l lo w in g .  F i r s t ,
tw o  ru n s  a r e  made on  t h e  l ^ S  » 2 ^P t r a n s i t i o n  o f  h e l iu m  (w h ich  h a s
an  e x c i t a t i o n  e n e rg y  o f  2 1 .2 2  v o l t s ) . Then tw o  ru n s  a r e  made on th e  
" r e f e r e n c e  p e a k "  o f  t h e  g a s  u n d e r  i n v e s t i g a t i o n .  (The m eaning  o f  
" r e f e r e n c e  p e a k ” w i l l  becom e a p p a r e n t  s h o r t l y . )  F i n a l l y  one o r  tw o 
a d d i t i o n a l  ru n s  a r e  made on h e l iu m . The a p p a r a tu s  c o n s ta n t  i s  c a lc u ­
l a t e d  fro m  t h e  i n i t i a l  tw o  h e l iu m  ru n s  and  f ro m  t h e  f i n a l  one o r  tw o 
h e l iu m  r u n s .  I f  t h e  tw o s e t s  o f  ru n s  g iv e  t h e  same a p p a ra tu s  c o n s ta n t  
upon c a l c u l a t i o n ,  th e n  no e s s e n t i a l  change  h a s  o c c u r re d  i n  t h e  e l e c t r o n  
s p e c tr o m e te r  d u r in g  t h e  i n t e r m e d i a t e  p e r io d .
S in c e  i t  w ou ld  be v e ry  t e d i o u s  t o  r e p e a t  t h e  h e l iu m -g a s -h e l iu m  
seq u en ce  e a c h  t im e  a  s e r i e s  o f  c o l l i s i o n  c r o s s  s e c t i o n  i s  d e te rm in e d  
f o r  a  new e x c i t a t i o n  ( i n  t h e  same g a s ) ,  w hat i s  done i s  th e  f o l lo w in g .
A p a r t i c u l a r  p e a k , p r e f e r a b l y  a  s h a r p ,  e a s i l y  d i s t i n g u i s h a b l e  o n e , i s  
ch o se n  i n  t h e  g a s  b e in g  s t u d i e d ,  a n d  th e  a b s o lu t e  c o l l i s i o n  c r o s s  
s e c t i o n s  a r e  d e te rm in e d  f o r  i t  b y  m eans o f  t h e  h e l iu m -g a s -h e l iu m
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p ro c e d u re ,  a s  o u t l i n e d  above* T h is  p eak  i s  r e f e r r e d  t o  a s  th e  
" r e f e r e n c e  p e a k " .  Then i n  m e a su rin g  c o l l i s i o n  c r o s s  s e c t i o n s  f o r  some 
o th e r  t r a n s i t i o n  i n  t h e  g a s  u n d e r  i n v e s t i g a t i o n ,  s in o e  t h e  a b s o lu te  
c o l l i s i o n  c r o s s  s e c t i o n s  f o r  t h e  r e f e r e n c e  p eak  a r e  known, t h e  a p p a ra ­
t u s  c o n s ta n t  can  b e  d e te rm in e d  by  m aking a  ru n  on t h e  r e f e r e n c e  peak  
a t  th e  same tim e  a  r u n  i s  b e in g  made on t h e  o th e r  t r a n s i t i o n ,  and  u s in g  
e q u a t io n  (2 1 ) a s  i n  t h e  c a se  o f  h e liu m . T hese  two m ethods o f  d e t e r ­
m in in g ' a b s o lu t e  c o l l i s i o n  c r o s s  s e c t i o n s  w i l l  be s u b s e q u e n tly  i l l u s ­
t r a t e d  i n  S e c t io n  5 .2
The q u a n t i t y  P i n  e q u a t io n  (2 0 ) i s  th e  p r e s s u r e  o f  th e  g a s  i n  t h e  
c o l l i s i o n  cham ber i n  mm. o f  m e rc u ry . T h is  i s  m easured  by means o f  a  
D. P . I .  Type BL-1 K nudsen vacuum gauge a t ta c h e d  t o  th e  b o tto m  o f  th e  
c o l l i s i o n  cham ber. A K nudsen gauge was ch o sen  f o r  vaouum m easurem ent 
b e c a u s e  i t  i s  in d e p e n d e n t o f  t h e  g a s  b e in g  m easu red  and  th u s  g iv e s  th e  
same r e a d in g s  r e g a r d l e s s  o f  t h e  g a s .
o( i s  t h e  t o t a l  a b s o r p t io n  c o e f f i c i e n t .  (H ow ever, s e e  S e c t io n  5 .2 2 )  
E q u a tio n  (2 0 ) i s  r e a r r a n g e d  t o  g iv e
-«pj? <r(e -  w) J  i  |
e bK s i n  0  \ p  J
T ak in g  th e  n a t u r a l  lo g a r i th m  o f b o th  s id e s  we o b ta in
f e #  ■ *  (4-)
T h u s, b y  p l o t t i n g  a s  a  f u n c t io n  o f  P , a  s t r a i g h t  l i n e  w i th  s lo p e
-*J? i s  o b ta in e d .  S in c e  X  i s  known t o  be 2 2  cm ., ot i s  r e a d i l y  known.
E i s  t h e  e n e rg y  o f  th e  i n c id e n t  e l e c t r o n s  i n  e l e c t r o n  v o l t s .  I t  
i s  m easu red  by  a c c u r a t e l y  m easu rin g  w ith  a  p o te n t io m e te r  th e  p o t e n t i a l
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o f  t h e  a c o e l e r a t i n g  v o l t s  b a t t e r i e s  a s  e x p la in e d  i n  S e c t io n  2 * 3 .
W i s  th e  e n e rg y  lo s s  i n  e l e c t r o n  v o l t s  w hioh  t h e  e l e c t r o n  u n d e rg o e s  
a f t e r  c o l l i d i n g  i n e l a s t i o a l l y  w i th  a  m o le c u le  o f  th e  g as  b e in g  s tu d ie d .  
M easurem ent o f  W i s  a l s o  e x p la in e d  i n  t h e  S e c t io n  2*3 .
I  i s  t h e  i n t e n s i t y  o f  s c a t t e r e d  c u r r e n t  e x p re s s e d  i n  c o u n ts  p e r  
t e n  s e c o n d s . T h is  q u a n t i t y  i s  r e a d  on t h e  m u l t i s c a l e r  w ith  t h e  a u to ­
m a tic  t im e r  s e t  f o r  a  t e n  seco n d  in t e r v a l*
Q  i s  t h e  s c a t t e r i n g  a n g le .  M easurem ent o f  t h i s  q u a n t i ty  r e q u i r e s  
some e x p la n a t io n .  I t  w i l l  be  r e c a l l e d  fro m  th e  d e s c r ip t i o n  o f  t h e  
s p e c tro m e te r  t h a t  a  w orm -gear a rra n g e m e n t i s  p ro v id e d  on th e  c o l l i ­
s io n  cham ber to p  w hereb y  th e  e l e c t r o n  gun ca n  be r o t a t e d  w i th in  th e  
c o l l i s i o n  cham ber t o  o b ta in  s c a t t e r i n g  a t  v a r io u s  v a lu e s  o f  Q  , t h e  
s c a t t e r i n g  a n g l e .  H ow ever, b e c a u se  o f  b a c k la s h ,  th e  worm g e a r  d o es  
n o t  g iv e  t h e  t r u e  v a lu e  o f  th e  s c a t t e r i n g  a n g le .  I n  a d d i t i o n ,  v a r io u s  
s u b t le  ohanges w i th i n  t h e  e l e c t r o n  gun w i l l  c a u se  t h e  beam  d i r e c t i o n  
t o  v a ry  s l i g h t l y  fro m  day  t o  d a y , and  ev en  fro m  ru n  t o  r u n .  T h e re fo re  
i t  i s  n e c e s s a r y  t o  d e te rm in e  t h e  a n g le  by w hich  th e  worm g e a r  re a d in g  
d i f f e r s  fro m  th e  t r u e  s c a t t e r i n g  a n g le  f o r  e a c h  ru n .  The r e l a t i o n s h i p  
be tw een  t h e  tw o i s  g iv e n  by
9 ■ (G . A .) -  (ZERO ANGLE) (2 4 )
w here Q s  t r u e  s c a t t e r i n g  a n g le
(G . A .) * t h e  gun a n g le ;  i . e .  th e  s e t t i n g  o f  t h e  worm g e a r  
(ZERO ANGLE) = t h e  G. A. r e a d in g  a t  w h ich  Q ■ 0 °
S in c e  t h e  s p e c tro m e te r  has  b een  o o n s tru o te d  w i th  a  sy m m e tric a l c o l l i ­
s io n  cham ber ( i . e .  so  t h a t  t h e  same s c a t t e r e d  c u r r e n t  i s  o b ta in e d
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r e g a r d l e s s  o f  w h e th e r  a  p a r t i c u l a r  v a lu e  o f  0  i s  p o s i t i v e  o r  n e g a t i v e . )  
one i s  p ro v id e d  w i th  a  s im p le  means o f  d e te rm in in g  th e  z e ro  a n g le .  A 
s e r i e s  o f  r e a d in g s  i s  ta k e n  by  s e t t i n g  t h e  v o l ta g e  d i v i d e r  a t  some 
p a r t i c u l a r  e n e rg y  lo s s  and  t a k in g  r e a d in g s  a t  s e v e r a l  a n g le s  on b o th  
t h e  p o s i t i v e  an d  n e g a t iv e  s id e s  o f  t h e  z e ro  a n g le .  The i n t e n s i t y  o f  t h e  
s c a t t e r e d  c u r r e n t  i s  th e n  p l o t t e d  on a  f u n c t i o n  o f  t h e  gun  a n g l e ,  an d  
t h e  gun a n g le  r e a d in g  a ro u n d  w h ich  t h e  r e s u l t i n g  c u rv e  i s  sy m m e tr ic a l 
i s  t h e  z e r o  a n g l e .  A l l  gun a n g le  r e a d in g s  c a n  th e n  b e  c o n v e r te d  t o  
v a lu e s  o f  Q  b y  m eans o f  e q u a t io n  ( 2 4 ) .  T a b le  I  and  F ig u re  3 i l l u s t r a t e  
t h i s  d e t e r m in a t io n  f o r  th e  2 1 .2 2  v o l t  e x c i t a t i o n  o f  h e l iu m . T h is  ty p e  
o f  r u n  i n  w h ich  one p a r t i c u l a r  e n e rg y  lo s s  i s  s tu d ie d  a t  d i f f e r e n t  
s c a t t e r i n g  a n g le s  i s  c a l l e d  an  " a n g u la r  r u n " .  I t  w i l l  b e  s e e n  p r e ­
s e n t l y  t h a t  i t  i s  m ost c o n v e n ie n t t o  make m easu rem en ts  o f  t h e  c o l l i s i o n  
c r o s s  s e c t i o n s  b y  m aking s e r i e s  o f  th e s e  a n g u la r  r u n s .
I t  w i l l  be n o te d  t h a t  th e  f a c t o r  b o c c u rs  o n ly  i n  e q u a t io n  (2 0 ) 
w h ich  a p p l i e s  o n ly  t o  t r a n s i t i o n s  in v o lv in g  d i s c r e t e  e x c i t e d  s t a t e s ,  a s  
i n  t h e  c a s e  o f  t r a n s i t i o n s  i n  a to m ic  s u b s ta n c e s .  Thus i t  m u st b e  known 
f o r  c a l i b r a t i o n  o f  t h e  e l e o t r o n  s p e c tro m e te r  w i th  h e l iu m , an  a to m ic  
s c a t t e r e r .  b  i s  e q u a l  t o  th e  r a t i o  o f  a r e a  t o  h e i g h t  f o r  t h e  p a r t i c u l a r  
a to m ic  t r a n s i t i o n  u n d e r  s tu d y .  H ow ever, s in c e  i n  an  a to m ic  s c a t t e r e r  t h e  
t r a n s i t i o n  w i l l  be b e tw een  d i s o r e t e  s t a t e s ,  t h e  s p e c t r a l  l i n e s  c a u se d  
by th e s e  t r a n s i t i o n s  w i l l  t h e o r e t i c a l l y  be v e r y  n arro w — i n  f a c t ,  t h e i r  
w id th  i s  c o n t r o l l e d  o n ly  by  t h e  e n e rg y  d i s t r i b u t i o n  o f  t h e  beam o f  
e l e c t r o n s  e m an a tin g  fro m  th e  v e l o c i t y  a n a ly z e r .  S in c e  t h e  v e l o c i t y  
d i s t r i b u t i o n  o f  t h i s  beam i s  in d e p e n d e n t o f  t h e  e n e rg y  lo s s  on c o l l i s i o n ,  
t h e  b v a lu e s  may be o b ta in e d  by m aking an  e n e rg y  d i s t r i b u t i o n  r u n  on
Figure 
3 
s 
A 
Zero 
A
ngle 
D
eterm
ination
THOUSAND COUNTS IN TEN SECONDS
m Oj>
m m
m
TABLE I
DATA FOR A ZERO ANGLE DETERMINATION
G .A. 0 *  I
1 2 8 .7 0 3537
1 1 7 .7 0 6462
1 0 6 .7 0 10322
9 -1 /2 6 . 2 0 16681
9 5 .7 0 23319
8 - 1 / 2 5 .2 0 32768
8 4 .7 0 48015
7 -1 /2 4 .2 0 68024
- 1 / 2 - 3 .8 0 84466
- 1 - 4 .3 0 58272
- 1 - 1 / 2 - 4 .8 0 43800
- 2 - 5 .3 0 31031
- 2 - 1 / 2 -5 .8 0 21990
-3 - 6 .3 0 16143
—4 - 7 .3 0 8445
-5 - 8 .3 0 4388
- 6 - 9 .3 0 2441
♦ I t  sh o u ld  b e  n o te d  t h a t  t h i s  colum n can  b e  known o n ly  a f t e r  th e  
a n g u la r  ru n  h a s  b e e n  p l o t t e d  i n  F ig u re  1 and t h e  z e ro  a n g le  fo u n d .
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t h e  e l a s t i c a l l y  s c a t te r e d ,  beam ( i . e .  th o s e  e l e c t r o n s  w h ich  have  l o s t  no 
e n e rg y  upon c o l l i s i o n  w i th  an  atom  o r  m o le c u le ) .  T h is  c a l c u l a t i o n  w i l l  
b e  i l l u s t r a t e d  by  a n  exam ple i n  S e c t io n  5 .
3 .3  CONCLUSION
A l l  q u a n t i t i e s  a p p e a r in g  i n  e q u a t io n s  (20 ) and  (2 1 ) h av e  now b e e n  
d i s c u s s e d .  When th e s e  v a r io u s  q u a n t i t i e s  have b e e n  m easu red , th e  
c o l l i s i o n  c r o s s  s e c t i o n s  a r e  e a s i l y  c a l c u la te d  b y  u s in g  w h ic h e v e r  o f  
t h e s e  tw o e q u a t io n s  i s  a p p l i c a b l e .  The f i r s t  p a r t  o f  S e c t io n  5 w i l l  
c o n ta in  an i l l u s t r a t i v e  exam ple o f  a  c a l c u l a t i o n  o f  a  s e t  o f  c o l l i s i o n  
c r o s s  s e c t i o n s  o f  c a rb o n  d io x id e  u s in g  th e  e q u a t io n s  a s  d e v e lo p e d  i n  
t h i s  s e c t i o n .  The re m a in d e r  o f  S e c t io n  5 w i l l  b e  c o n ce rn ed  w i th  th e  
p r e s e n t a t i o n  o f  t h e  d a ta  o b ta in e d  i n  t h i s  w ork .
SECTION 4
HISTORICAL BACKGROUND OF SPECTRA AND ELECTRONIC
STRUCTURE OF CARBON DIOXIDE
4 .1  SPECTRA OF CARBON DIOXIDE
4 .1 .1  S p e o tra  O b ta in e d  by E l e c t r o n  S c a t t e r i n g  M ethods
D uring  th e  p e r io d  o f  y e a r s  b e tw ee n  1929 and  1936 t h e r e  w as much 
a c t i v i t y  i n  t h e  f i e l d  o f  e l e c t r o n  s c a t t e r i n g .  A good d e a l  o f  i t ,  
h ow ever, was "R am sauer s c a t t e r i n g ” i n  w h ich  in c i d e n t  e l e c t r o n s  o f  
a b o u t 1 v o l t  o f  e n e rg y  a r e  em ployed  ( 1 6 ) ( 1 7 ) ( 1 8 ) ( 1 9 ) ( 2 0 ) .  O th e r  
th a n  m e re ly  m e n tio n in g  th e  f a c t  t h a t  su ch  w ork  w as p e rfo rm e d , we s h a l l  
n o t  f u r t h e r  be c o n c e rn e d  w i th  t h i s  ty p e  o f  e l e c t r o n  s c a t t e r i n g .  The 
o n ly  w ork on c a rb o n  d io x id e  i n  w h ic h  in o i d e n t  e l e c t r o n  e n e r g i e s  a p p ro a c h  
th o s e  n e c e s s a r y  f o r  th e  Born a p p ro x im a tio n  t o  b e  v a l i d  w as c a r r i e d  
o u t b y  E . R udberg i n  1930 ( 2 1 ) .  H is  w ork o o v e re d  an  i n c i d e n t  e l e c t r o n  
e n e rg y  ra n g e  o f  from  7 4 .7  t o  1 0 5 .7  e l e c t r o n  v o l t s ,  and  i n s o f a r  a s  t h e  
s p e o t r a  a r e  c o n c e rn e d , i s  p ro b a b ly  t h e  m ost a c c u r a te  w ork o f  t h a t  
p e r io d .  R udberg*s w ork may b e  c o n v e n ie n t ly  sum m arised  i n  t h e  f o l lo w in g  
t a b l e .
E nergy  o f  Maximum
I n t e n s i t y ,  e v O r ig in
5 .2 4  * 0 .5 0  
6 .4 7  ± 0 .2 0  
7 .2 3  ± 0 .2 1  
8 .4 1  ± 0 .2 2  
1 1 . 2 2  ± 0 .2 8  
1 2 .9 1  ± 0 .3 2  
1 5 .8 7  1 0 .2 6
a p p a r a tu s  
a p p a r a tu s  
a p p a r a tu s  ( ? )  
c a rb o n  d io x id e  ( ? ) ^
c a rb o n  d io x id e  
c a rb o n  d io x id e  
c a rb o n  d io x id e
T The q u e s t io n  m arks a r e  R u d b e rg * s .
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I t  w i l l  be  n o te d  t h a t  t h e  maxima a t  5 .2 4  and  6 .4 7  v o l t s  a r i s e  fro m  th e  
a p p a r a tu s  w h ich  R udberg  u se d  i n  h i s  e x p e r im e n ts ,  and  t h e r e  i s  e v i d e n t l y  
some q u e s t io n  a s  t o  t h e  o r i g i n  o f  t h e  maxima a t  7 .2 3  and  8 .4 1  v o l t s .
I n  S e c t io n  5 .4  t h e s e  r e s u l t s  t o g e t h e r  w i th  t h e  s p e c t r a l  r e s u l t s  t o  be  
m e n tio n ed  i n  S e c t io n  4 .^ 2  : w i l l  be  d is c u s s e d  and  e v a lu a te d  i n  t h e  l i g h t  
o f  t h e  r e s u l t s  o f  t h i s  r e s e a r c h .
4 .1 2  S p e o tr a  O b ta in e d  b y  U l t r a v i o l e t  A b s o rp t io n  M ethods
T h ere  i s  re o o rd e d  i n  t h e  l i t e r a t u r e  a  g r e a t e r  num ber o f  c a rb o n  
d io x id e  s p e c t r a  o b ta in e d  b y  u l t r a v i o l e t  s p e o tr o s c o p ic  m ethods th a n  t h e r e  
a r e  o b ta in e d  by  e l e c t r o n  im p ac t m e th o d s . H ow ever, a s  m en tio n ed  i n  t h e  
in t r o d u c to r y  s e c t i o n ,  s in c e  m ost o f  th e  a b s o r p t io n  i n  c a rb o n  d io x id e  
o c c u rs  i n  a  r e g io n  w h ich  i s  e x p e r im e n ta l ly  d i f f i c u l t  f o r  t h e  u l t r a v i o l e t  
s p e c t r o s c o p i s t ,  t h e r e  i s  s t i l l  a  s u r p r i s i n g  la c k  o f  u l t r a v i o l e t  w ork  
r e p o r te d  i n  t h e  l i t e r a t u r e  f o r  c a rb o n  d io x id e  com pared t o  t h a t  r e p o r te d  
f o r  o th e r  com pounds.
The f i r s t  i n v e s t i g a t i o n s  o f  c a rb o n  d io x id e  o f  any  im p o rta n c e  fo u n d  
i n  t h e  l i t e r a t u r e  w ere  c o n d u c te d  b y  Schumann (2 2 )  i n  1903 and  Lyman (2 3 )  
i n  1908, b u t  th e y  r e p o r t  v e ry  l i t t l e  i f  an y  c o n c lu s iv e  r e s u l t s .
The f i r s t  c o n c lu s iv e  w ork on c a rb o n  d io x id e  was c a r r i e d  o u t  by  
L e i f s o n  (24 ) i n  1926 w h ile  c o n d u c t in g  an i n v e s t i g a t i o n  o f  s e v e r a l  g a s e s  
and v a p o u rs  i n  th e  Schumann r e g io n .  He found  and t a b u l a t e d  f o u r  ban d s 
i n  t h e  v i c i n i t y  o f  1670 A.
I n  1932 H enn ing  (2 5 ) i n v e s t i g a t e d  t h e  r e g io n  600-900 A and  o b se rv e d  
a  R ydberg s e r i e s  w i th  l i m i t  a t  1 8 .0 0  v o l t s .  T h is  h a s  s in c e  b e e n  i d e n t i ­
f i e d  a s  t h e  t h i r d  i o n i s a t i o n  p o t e n t i a l  o f  o a rb o n  d io x id e .  I n  1933
-  40 -
R ath en au  (2 6 ) fo u n d  and  t a b u l a t e d  3 v i b r a t i o n a l  p r o g r e s s io n s  i n  t h e  
ra n g e  1100-900 A, c a l l i n g  them  th e  " S ta r k e " ,  "Sohw ache", and  " B r e i t e "  
s e r i e s .
The f i r s t  co m p le te  i n v e s t i g a t i o n  o f  t h e  u l t r a v i o l e t  sp e c tru m  o f  
c a rb o n  d io x id e  was c o n d u o te d  by  P r i c e  and S im pson (2 7 ) i n  1938 , u s in g  
a  g r a z in g  in c id e n o e  vacuum  s p e c tro g ra p h  w ith  t h e  Lyman co n tin u u m  a s  
t h e  c o n t in u o u s  b ack g ro u n d  a g a i n s t  w h ich  t h e  a b s o r p t io n  w as o b s e rv e d .
They c o v e re d  t h e  ra n g e  fro m  a b o u t 830 t o  1700 A, a l th o u g h  t h e i r  c h i e f  
i n t e r e s t  l a y  i n  t h e  r e g io n  830 t o  1150 A w hose bands h ad  n o t b e e n  p r e ­
v io u s ly  a n a ly z e d .  At 1120 and  1130 A th e y  r e p o r t  two e x tre m e ly  s t r o n g  
b an d s  w h ic h , b e c a u se  o f  t h e i r  p red o m in an ce  i n  i n t e n s i t y  o v e r  a l l  n e ig h ­
b o r in g  b a n d s ,  w ere  t a k e n  b y  P r ic e  and  Sim pson t o  be v i b r a t i o n l e s s  
e l e c t r o n i c  t r a n s i t i o n s  an d  t o  r e p r e s e n t  t h e  t r a n s i t i o n  o f  a  n o n -b o n d in g  
e l e c t r o n  be tw een  a to m ic - l ik e  o r b i t a l s .  A t 995 A o c c u rs  t h e  n e x t  m ost 
i n t e n s e  band  i n  t h i s  r e g io n  w h ic h , a t  low  p r e s s u r e s ,  shows up a s  tw o 
ban d s c lo s e  t o g e t h e r .  The mean o f th e  1120 and 1130 A b an d s  i s  ta k e n  
by P r ic e  and  Sim pson t o  b e  t h e  f i r s t  member o f  a  R ydberg  s e r i e s ,  and  
t h e  c e n t e r  o f  t h e  995 A band a s  th e  seco n d  m em ber. H ig h e r  members o f  
t h e  s e r i e s  w ere  s u b s e q u e n tly  fo u n d  su ch  a s  t o  s a t i s f y  t h e  R ydberg f o r ­
m u la . T h is  g iv e s  t h e  i o n i z a t i o n  p o t e n t i a l  o f  1 3 .7 3  -  0 .0 1  v o l t s ,  and  t h i s  
v a lu e  i s  p r e s e n t l y  a c c e p te d  a s  t h e  c o r r e c t  o n e .
I n  i n v e s t i g a t i n g  t h e  r e g io n  900 t o  1100 A, P r i c e  and  Sim pson ob­
s e rv e  a  number o f  w eaker bands w hioh fo rm  v i b r a t i o n a l  p r o g r e s s io n s .
R a th en au * s  " S ta rk e "  and  "Sohwache" s e r i e s  a r e  s u p p o r te d  by  t h e i r  
o b s e r v a t io n s ,  b u t  n o t h i s  " B r e i t e "  s e r i e s ,  s in c e  some o f th e  s t r o n g  
bands w hioh  i t  c o n ta in s  a r e  r e q u i r e d  a s  R ydberg s e r i e s  m em bers.
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P r ic e  and  Sim pson f i n d  t h e  lo w e s t e n e rg y  u l t r a v i o l e t  a b s o r p t io n  
i n  o a rb o n  d io x id e  t o  o c c u r  w i th i n  th e  r e g io n  1240 to  1390 A. H ere 
t h e r e  i s  a  s e t  o f  d i s t i n c t  bands w hich  i s  shaded  to w a rd s  th e  red*
They r e p o r t  t h e  maximum i n t e n s i t y  a s  o c c u r r in g  a t  '■''1330 A; how ever, 
a n  e x a m in a tio n  o f  t h e i r  p h o to g ra p h ic  p l a t e s  shows t h a t  t h i s  maximum 
r e a l l y  o c c u rs  a t  1335 A*
I n  th e  s e t  o f  p h o to g ra p h ic  p l a t e s  w h ic h  accom pan ies  P r ic e  and  
S im pson’ s  p ap e iy  t h e r e  i s  shown a  s e t  o f  d i f f u s e  b an d s  w i th  maximum 
o c c u r r in g  a t  a p p ro x im a te ly  1470 A w hich  i s  no t m en tio n ed  i n  t h e  t e x t  
o f  t h e i r  p a p e r .  T hese b an d s  a p p e a r  s l i g h t l y  w eaker th a n  t h e  1335 A 
s e r i e s  i n  th e  e x p o su re  ta k e n  a t  a  p r e s s u r e  o f  a  few  t e n t h s  o f  a  mm*
v
m ercu ry  p r e s s u r e .  H ow ever, i n  th e  ex p o su re  ta k e n  a t  a  p r e s s u r e  o f  
a b o u t 0 .0 1  mm. m ercu ry  p r e s s u r e ,  o n ly  th e s e  bands a p p e a r—th e  1335 A 
band  h a s  d is a p p e a r e d .  I t  i s  p o s s ib le  t h a t  P r ic e  and Sim pson may have 
assum ed t h a t  th e s e  a ro s e  fro m  th e  Lyman con tinuum — how ever, l a t e r  
w o rk e rs  (2 8 ) (2 9 )  have a l s o  r e p o r te d  th em .
W ilk in s o n  and J o h n s to n  (28 ) i n v e s t i g a t e d  th e  r e g io n  b e tw een  1659 
and  1441 A and  fo u n d  w hat th e y  te rm e d  a  ’’r e a l  co n tinuum ” w ith  maximum 
i n t e n s i t y  a t  a b o u t 1495 A. T here  i s  l i t t l e  d o u b t t h a t  t h i s  i s  t h e  
same a s  t h e  t r a n s i t i o n  w h ich  a p p e a rs  a t  1470 A i n  P r ic e  and  S im pson’ s 
p h o to g ra p h ic  p l a t e s .  W ilk in so n  and  Jo h n s to n  s t a t e  t h a t  t h i s  con tinuum  
i s  ” so  weak t h a t  i t  i s  p ro b a b ly  a  fo rb id d e n  t r a n s i t i o n ” .
By f a r  th e  m ost co m p le te  and e x h a u s t iv e  i n v e s t i g a t i o n  w h ich  h a s  
b e e n  c a r r i e d  o u t on c a rb o n  d io x id e  was by I n n ,  W atanabe, and Z e l ik o f f  
( 2 9 ) .  They c o v e re d  th e  s p e c t r a l  ran g e  from  1060 t o  1800 A u s in g  a 
1 -m e te r  vacuum m onochrom ator w i th  a  p h o s p h o r-c o a te d  p h o to m u l t i p l ie r
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tu b e  a s  a  d e t e c t o r .  Over t h e  le n g th  o f  t h e  e n t i r e  r a n g e ,  th e y  w ere  
a b le  t o  o b se rv e  o v er 70 d i f f e r e n t  b a n d s , in c lu d in g  a l l  th o s e  m en tio n ed  
ab o v e . F o r  a  d i s c u s s io n  o f  t h e i r  w ork w i th  r e s p e c t  t o  p r e v io u s  i n v e s ­
t i g a t i o n s  t h e i r  p a p e r  sh o u ld  be  c o n s u l t e d .  F o r  o u r p u rp o s e s  h e r e ,  
o n ly  th e  wave le n g th s  o f  maximum i n t e n s i t i e s  o b se rv e d  a r e  o f  i n t e r e s t .  
T h e i r  w ork  may b e  sum m arised  i n  t h e  f o l lo w in g  t a b l e .
^  max VOIffS‘ f
1475 8 .4 0  0 .0 0 4 5
1332 9 .3 0  0 .0 0 5 3
1121 1 1 .0 5  0 .1 2
w here f  i s  t h e  i n t e g r a t e d  o p t i c a l  o s o i l l a t o r  s t r e n g t h .  Due t o  t h e  f a c t  
t h a t  th e  v a lu e  o f  f  i s  so s m a ll  f o r  th e  1475 and  1532 A p e a k s ,  I n n ,  
W atanabe, and  Z e l ik o f f  advance  th e  o p in io n  t h a t  t h e s e  tw o p e a k s  a r e  
a s s o c ia t e d  w ith  fo rb id d e n  t r a n s i t i o n s ,  -which i s  i n  ag ree m en t w i th  
W ilk in so n  and J o h n s to n  (2 8 ) and  w ith  M u llik e n  ( 1 0 ) ( 3 1 ) .  The p eak  p o s i ­
t i o n s  r e p o r te d  a r e  i n  good a g re e m e n t, w i t h i n  a  few  A ngstrom  u n i t s ,  w i th  
th o s e  r e p o r te d  b y  P r ic e  and  S im pson.
4 .2  ELECTRONIC STRUCTURE OF CARBON DIOXIDE
A t t h e  same tim e  s p e c t r o s c o p ic  i n v e s t i g a t i o n s  o f  c a rb o n  d io x id e  
w ere b e in g  c a r r i e d  o u t ,  t h e  e l e c t r o n i c  s t r u c t u r e  o f  th e  m o le c u le  w as 
b e in g  i n v e s t i g a t e d  b y  o th e r  w o rk e r s .  Much o f t h i s  e a r l y  w ork w as done 
by  R. S . M u llik e n . I n  a  p a p e r  p u b lis h e d  i n  1935 (1 0 ) he  p ro p o se d  t h a t
-  43 -
t h e  e l e c t r o n s  o f  c a rb o n  d io x id e  i n  t h e  g round  s t a t e  occupy  m o le c u la r  
o r b i t a l s  a s  f o l lo w s :
l 'T — +
. . .  ( tf6 ) V u ) V g ) V u ) 2 m u ) \ n g ) 4 ,  2 _
6
and t h i s  c o n f ig u r a t io n  h a s  s in c e  e s s e n t i a l l y  b e e n  a c c e p te d  a s  t h e  c o r r e c t  
o n e , M o f f i t t  (3 0 )  gave th e  s t r u o t u r e  a s
. . .  [t<r] 2 [t'<r] 2 ( t t u ) 4  [ 2p jt0]  2  [2prrot]  2
w here th e  s q u a re  b r a c k e ts  d e n o te  l o c a l i z e d  m o le c u la r  o r b i t a l s .
I n  h i s  p a p e r  o f  1935 , M u llik e n  p r e d i c t e d  th e  i o n i z a t i o n  p o t e n t i a l s  
o f  t h e  g round  s t a t e  m o le c u la r  o r b i t a l s  o f  c a rb o n  d io x id e  by  m aking u se  
o f  H e n n in g 's  i o n i z a t i o n  p o t e n t i a l  and seme o b se rv e d  e m is s io n  b an d s  o f  
t h e  c a rb o n  d io x id e  io n  (C 0 g + ), Space d o es  n o t p e rm i t  u s  t o  p r e s e n t  
M u l l ik e n 's  a rg u m e n ts  f o r  h i s  p r e d i c t i o n s  h e r e ;  o n ly  h i s  r e s u l t s  w i l l  be  
g iv e n .  T hese  axe a s  f o l lo w s :
ORBITAL IONIZATION POTENTIAL (e v )
TT 1 3 .7 2
6
TTU 1 7 .0 9
<fn 18 .00
2 1 .5
I t  w i l l  be  n o te d  t h a t  he  p r e d i c t s  t h a t  th e  f i r s t  i o n i z a t i o n  p o t e n t i a l  
o f  c a rb o n  d io x id e  i s  1 3 ,7 2  ± 0 ,0 3  v o l t s .  I n  1938 P r ic e  and  S im pson (2 7 ) 
d e te rm in e d  t h i s  v a lu e  a s  1 5 ,7 3  * 0 ,0 1  v o l t s ,  i n  e x c e l l e n t  ag ree m en t 
w i th  M u l l ik e n 's  p r e d i c t i o n ,  (S ee  S e c t io n  4 ,1 )
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I n  h i s  1935 p ap er*  M u llik e n  a l s o  a t te m p te d  t o  d e te rm in e  and  p r e d i c t  
th e  i o n i z a t i o n  p o t e n t i a l s  o f  th e  e x c i te d  s t a t e  m o le o u la r  o r b i t a l s  o f  
c a rb o n  d io x id e  by u t i l i s i n g  t h e  u l t r a v i o l e t  s p e o t r a  a v a i l a b l e  a t  t h a t  
tim e*  I n  1942 (3 1 ) he  e n la r g e d  upon  h i s  e a r l i e r  work* A lth o u g h  th e  
d a ta  a v a i l a b l e  w ere  e x tre m e ly  l im ite d *  even  a s  l a t e  a s  1942* M u llik en  
d id  re m a rk a b ly  w e l l  i n  d e te rm in in g  ground  and e x o i te d  s t a t e  m o le c u la r  
o r b i t a l  i o n i z a t i o n  p o te n t i a l s *
I n  h i s  1942 p ap er*  M u llik e n  o f f e r s  a  scheme f o r  th e  r e l a t i v e  
e n e r g ie s  o f  th e  m o le c u la r  o r b i t a l s  i n  o&rbon d io x id e t
-o 3du
■O ZTfw
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w h ere  e  d e s ig n a t e s  a  ground s t a t e  o r b i t a l*  and  o an e x o i te d  s t a t e  
o r b i t a l*
As th e  v e r t i o a l  e x c i t a t i o n  e n e rg y  o f th e  f i r s t  c a rb o n  d io x id e  
a b s o r p t io n  system * M u llik e n  ta k e s  t h e  maximum i n t e n s i t y  w h ich  L ie fs o n  
fo u n d  i n  t h e  v i c i n i t y  o f  1600 A* T h is  maximum h a s  s in c e  been  d e t e r ­
m ined a s  o c c u r r in g  a t  a b o u t 1475 A by W atanabe* I n n  and  Z e l ik o f f  (2 4 )*  
T hroughout t h i s  su rv e y , t h e  more o o r r e c t  v a lu e  w i l l  be  u se d  i n  d i s ­
c u s s in g  M u ll ik e n 's  work* M u llik e n  a s s ig n e d  (1 0 ) t h i s  maximum t o  th e  
t r a n s i t i o n
c±> 
ex'
UJ
Cb
in
C
UJac
CO
cCO«/»
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H ow ever, b e c a u se  o f  c e r t a i n  e x p e r im e n ta l  c o n s id e r a t io n s  and t h e  f a c t  
t h a t  g —» g  t r a n s i t i o n s  a r e  f o r b id d e n  i n  u l t r a v i o l e t  s p e c tro s c o p y ,  
M u llik e n  p o s t u l a t e s  t h a t  th e  e q u i l ib r iu m  fo rm  o f  th e  e x c i te d  s t a t e  i s  
n o n - l i n e a r  and  s y m m e tr ic a l.  T h is  n o n - l i n e a r i t y  w ould  o au se  t h e  
d o u b ly  d e g e n e ra te  n s t a t e  o f  t h e  l i n e a r  m o le c u le  t o  s p l i t  i n t o  two 
s t a t e s ,  and ^B9 , o f t h e  n o n - l i n e a r  m o le c u le .  The g e n e r a l  c a se  o f  
t h e  s p l i t t i n g  o f  t h e  d o u b ly  d e g e n e ra te  rrs s t a t e  o f  a  m o le c u le  h a v in g  
®ooh 8 ynnne^ r y  6 8  'th e  m o leo u le  becom es n o n - l i n e a r  and t a k e s  on 
sym m etry i s  t r e a t e d  i n  a  l a t e r  p a p e r  (3 2 ) (3 3 )  i n  c o n n e c t io n  w i th  an  
i n t e r p r e t a t i o n  o f  a n  a n a la g o u s  t r a n s i t i o n  w h ich  h a s  b een  s tu d ie d  i n  
c a rb o n  d i s u l f i d e .  T h is  p ro b lem  w i l l  be t r e a t e d  i n  g r e a t  d e t a i l  i n  
S e c t io n  7 .
T hus, th e  lo w e s t e n e rg y  a b s o r p t io n  o f  c a rb o n  d io x id e  i s  ta k e n  by 
M u llik e n  a s  b e in g  a s s o c ia t e d  w i th  e i t h e r  o f  t h e  t r a n s i t i o n s j
1 *— + 1  Ar  —4 ag '  ’ 2
o r
1 .  + 1
£ g— *
a l th o u g h  he h as  n e v e r  p u b lis h e d  an y  w ork d e f i n i t e l y  m aking th e  a ss ig n *  
m en t.
I n  a d d i t i o n ,  M u llik e n  a s s ig n s  t h e  maximum o c c u r r in g  a t  1335 A 
a s  b e lo n g in g  t o  th e  m o le c u la r  o r b i t a l  t r a n s i t i o n  lr r   ^ u t  he
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makes no a t te m p t t o  d e te n a in e  t h e  t e r n  sym bols o f  th e  e x c i t e d  s t a t e  
in v o lv e d .
T ak in g  h i s  p r e d ic te d  v a lu e  o f  t h e  f i r s t  i o n i s a t i o n  p o t e n t i a l  o f
c a rb o n  d io x id e  a s  13*72 e v  and  h i s  a s s ig n m e n t o f  1475 A t o  t h e  m o leeu -
l a r  o r b i t a l  t r a n s i t i o n  ITT  k3<f , M u llik e n  fo u n d  t h e  i o n i z a t i o n
g g
p o t e n t i a l  o f  t h e  m o le c u la r  o r b i t a l  t o  be 6 . 0  e l e c t r o n  v o l t s .
O
S im i l a r l y ,  th e  i o n i z a t i o n  p o t e n t i a l  o f  th e  2T7  ^ m o le c u la r  o r b i t a l  w as
fo u n d  t o  b e  4 .5  e l e o t r o n  v o l t s .  M u ll ik e n 's  w ork on t h e  i o n i z a t i o n
p o t e n t i a l s  o f  e x c i t e d  s t a t e  m o le o u la r  o r b i t a l s  i s  sum m arized i n  t h e
fo l lo w in g  d ia g ra m .
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As s t a t e d  i n  t h e  p re v io u s  s e c t i o n ,  a  v e ry  co m p le te  s tu d y  o f  th e  
u l t r a v i o l e t  sp e c tru m  o f  c a rb o n  d io x id e  was co n d u c te d  by In n ,  W atanabe, 
and  Z e l ik o f f  ( 2 9 ) .  S in ce  t h e i r  r e s u l t s  w ere somewhat d i f f e r e n t  from  
th o s e  u se d  by  M u llik e n  i n  h i s  p r e d i c t i o n s ,  th e y  o b ta in e d  somewhat 
d i f f e r e n t  •values o f  th e  i o n i z a t i o n  p o t e n t i a l s  o f  th e  e x c i t e d  s t a t e  
m o le c u le  o r b i t a l s .  I n  a d d i t i o n ,  th e y  s u g g e s t  t h a t  t h e  a b s o r p t io n
maximum w h ich  th e y  o b ta in e d  a t  1121 A c o r re s p o n d s  t o  t h e  m o le c u la r  
o r b i t a l  t r a n s i t i o n  ln ^  , , ^  5 0 ^ . We may sum m arise t h e i r  r e s u l t s  i n
t h e  f o l lo w in g  ta b le *
IONIZATION M O LECULAR
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I n  1953, a  p a p e r  by A .D . W alsh  (3 4 ) a p p e a re d  i n  w h ich  e x c e p t io n
w as ta k e n  t o  M u ll ik e n ’ s scheme f o r  t h e  r e l a t i v e  e n e r g ie s  o f  t h e  e x c i t e d
s t a t e  m o le c u la r  o r b i t a l s  o f  o a rb o n  d io x id e .  W alsh  m a in ta in s  t h a t  th e
3<f and  277 m o le o u la r  o r b i t a l s  sh o u ld  be i n v e r t e d  i n  t h e  e n e rg y  s c a l e  t o  
S “
g iv e
' ■ < 3 * .
o 3^ 3
— —   — — —O
•  m'j
«
M u llig a n ’ s r e s u l t s  fro m  LCAO MO c a l c u l a t i o n s  o f  th e  m o le c u la r  o r b i t a l s  
o f  t h e  o a rb o n  d io x id e  m o le c u le  ( 3 5 ) ,  i t  may be  ad d e d , a r e  i n  ag reem en t 
w ith  W alsh ’ s soheme f o r  th e  r e l a t i v e  e n e r g i e s .  W alsh ’ s e x c i t e d  s t a t e  
m o le c u la r  o r b i t a l  c o n f ig u r a t io n  w i l l  change some o f  M u ll ik e n ’ s a s s i g n ­
m en ts  o f  te rm  sy m b o ls . W hereas th e  lo w e s t e n e rg y  t r a n s i t i o n  was ta k e n
-  48 -
b y  M u llik e n  a s  c o r re s p o n d in g  t o  t h e  fo r b id d e n  t r a n s i t i o n
. . . a n / .  ^ — > . . .  u " g >3 ( ! V l - Y r g
W alsh now a s s ig n s  i t  t o  t h e  t r a n s i t i o n
. . .  ( I T T ) 4 ,   » . . .  ( 1 I T ) * ( 2 I T ) 1 ,  1A
© g o u ^  u
w h ich  i s  a l s o  f o r b id d e n ,  a l th o u g h  by d i f f e r e n t  e l e c t i o n  r u l e s .  S im i­
l a r l y  t o  M u llik e n , W alsh  p o in t s  o u t t h a t  e v id e n c e  i n d i c a t e s  t h a t  th e  
lo w e s t e n e rg y  a b s o r p t io n  o f c a rb o n  d io x id e  sh o u ld  le a d  t o  a  s t r o n g ly  
b e n t  u p p e r  s t a t e ,  i n  w h ich  c a s e  t h e  s t a t e  o f  t h e  l i n e a r  m o le c u le
w i l l  s p l i t  up i n t o  t h e  and  *Bg s t a t e s  o f  t h e  n o n - l i n e a r ,  sy m m e tr ic a l 
m o le c u le .  T h is  i s  a n a la g o u s  t o  M ulliken*  s r e s u l t s  s in c e  b o th  ^ A ^  an d  
o f  th e  sym m etry p o in t  g roup  e a c h  go o v e r  i n t o  ^A^ and  o f
Cgv sym m etry p o in t  g ro u p . W alsh  g o es  a  s te p  f u r t h e r ,  ho w ev er, and  
d e f i n i t e l y  a s s ig n s  t h e  maximum a t  1475 A t o  th e  t r a n s i t i o n
W -  i
■g
r .  - >  ( c o r r e l a t i n g  w ith  ^ A  )
He m e n tio n s  t h a t  th e  t r a n s i t i o n  may p o s s ib ly  b e lo n g  t o
g 2 .
t h e  t h r e e  b an d s  a t  1690, 1673, and  1622 A o b se rv e d  by  W ilk in so n  and 
J o h n s to n  ( 2 8 ) .  H ow ever, more r e c e n t  w ork b y  I n n ,  W atanabe , and  
Z e l ik o f f  (2 9 )  h a s  shown t h a t  th e s e  t h r e e  ban d s b e lo n g  t o  t h e  band 
sy stem  w ith  maximum i n t e n s i t y  o c c u r r in g  a t  1475 A .
W alsh  a l s o  a s s ig n s  th e  maximum a t  1535 A  t o  t h e  t r a n s i t i o n
— * ••• •  <iTy S ( 2 ,v 1’ X *
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T h is  i s  c o m p le te ly  d i f f e r e n t  from  M ulliken*  s a s s ig n m e n t w hich  h e ld  
t h a t  t h i s  p e a k  a r i s e s  fro m  a  t r a n s i t i o n  g o in g  t o  t h e  second  e x o i te d  
s t a t e  m o le e u la r  o r b i t a l .
4 .3  SUMMARY
I n  summary, t h e r e  a r e  tw o c o n f l i c t i n g  schem es f o r  t h e  a s s ig n m e n ts
o f  th e  o b se rv e d  p o t e n t i a l s  o f  t h e  o a rb o n  d io x id e  sp e c tru m  t o  t h e  d e f i n i t e
e n e rg y  s t a t e  t r a n s i t i o n s .  T h is  s e c t i o n  w i l l  a t te m p t  t o  sum m arize th e
p r e s e n t  s i t u a t i o n  i n  r e g a r d  to  t h e s e  a s s ig n m e n ts .  I t  i s  hoped  t h a t
t h i s  w ork  w i l l  b e  a b le  t o  make some p r o g r e s s  to w a rd  a  d e c i s i o n  a s  t o
w hich  o f  t h e s e  tw o c o n f l i c t i n g  schem es i s  t h e  c o r r e c t  o n e .
The b a s i c  d i f f e r e n c e  l i e s  i n  t h e  f a c t  t h a t  M u llik e n  and W alsh d i f f e r
i n  t h e i r  r e s p e c t iv e  a s s ig n m e n ts  o f  r e l a t i v e  e n e rg y  t o  th e  tw o  lo w e s t
e n e rg y  e x c i te d  s t a t e  m o le c u la r  o r b i t a l s  o f  c a rb o n  d io x id e .  M u llik e n
a s s e r t s  t h a t  t h e  3d" m o le c u la r  o r b i t a l  i s  t h e  lo w e s t e n e rg y  e x c i t e d
©
s t a t e  m o le c u la r  o r b i t a l  and t h a t  t h e  2ft,' o r b i t a l  i s  t h e  second  lo w e s t ,  
w h ile  W alsh , on th e  o th e r  h an d , h o ld s  t h a t  t h e  27^  o r b i t a l  i s  th e  lo w er 
o f  th e  tw o , an d  t h a t  t h e  3d* o r b i t a l  i s  seco n d  lo w e s t i n  e n e rg y  o f  t h e  
e x c i t e d  s t a t e  m o le c u la r  o r b i t a l s .  T h e i r  r e s p e c t iv e  id e a s  may b e  
sum m arized i n  t h e  fo l lo w in g  d ia g ra m .
-  50 -
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w here t h e  1TT_ m o le c u la r  o r b i t a l  i s  t h e  h ig h e s t  e n e rg y  f i l l e d  ( i . e .
©
ground  s t a t e )  m o le c u la r  o r b i t a l .  T hus, t h e  lo w e s t e n e rg y  a b s o r p t io n  
i n  c a rb o n  d io x id e  a c c o rd in g  to  M u llik e n  i s  due t o  th e  m o le c u la r  o r b i ­
t a l  t r a n s i t i o n  ITT > 3 tf w h e reas  a c c o rd in g  t o  W alsh , i t  i s  due t o
O ©
t h e  i m o le c u la r  o r b i t a l  t r a n s i t i o n .  The seoond  lo w e s t e n e rg y
a b s o r p t io n  was a t t r i b u t e d  by  M u llik e n  t o  th e  m o le c u la r  o r b i t a l  t r a n s i ­
t i o n  W g  y z f f , b u t  W alsh  a t t r i b u t e s  i t  t o  t h e  same m o le o u la r  o r b i ­
t a l  t r a n s i t i o n  t o  w h ich  he a t t r i b u t e d  th e  lo w e s t e n e rg y  a b s o r p t io n ,  
b u t  t o  a  d i f f e r e n t  e n e rg y  s t a t e .  M u llik e n  does n o t  s p e c i f y  t o  w h at 
p a r t i c u l a r  e n e rg y  s t a t e  t h e  seoond lo w e s t e n e rg y  a b s o r p t io n  b e lo n g s .
The r e s p e c t iv e  a s s ig n m e n ts  o f  M u llik e n  and  W alsh c a n  be  c o n v e n ie n t ly  
sum m arised i n  F ig u re  4 .  S e c t io n  6  w i l l  o o n ta in  a  f u r t h e r  d i s c u s s io n  
o f  th e s e  tw o p o in t s  o f  v ie w , t o g e th e r  w i th  some id e a s  c o n c e iv e d  a s  a  
r e s u l t  o f t h i s  w ork .
-  51 -
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f i g u r e  h :  Summary o f  A ss ig n m en ts  o f  O b se rved  E x c i t a t i o n  P o t e n t i a l s  
i n  th e  C arbon D io x id e  S pectrum  t o  D e f in i t e  T r a n s i t io n s  
a s  R eco rded  i n  th e  L i t e r a t u r e
SECTION 6  
EXPERIMENTAL RESULTS
5 .1  INTRODUCTION
B e fo re  p ro c e e d in g  w ith  th e  p r e s e n t a t i o n  o f  t h e  d a ta  o b ta in e d  i n  
t h i s  r e s e a r c h ,  a  d e t a i l e d  d e s c r i p t i o n  o f  t h e  m ethod o f  m easurem ent o f  
c o l l i s i o n  c r o s s  s e c t io n s  i s  n e c e s s a r y .  I n  S e c t io n  2 th e  e l e o t r o n  
s p e c tro m e te r  and  t h e  w o rk in g s  and u se  o f  i t s  in d i v id u a l  com ponents 
w ere d e s c r ib e d .  S e c t io n  3 p r e s e n te d  a  d e t a i l e d  d i s c u s s io n  o f  t h e  
c o l l i s i o n  c r o s s  s e o t i o n  fo rm u la e  u se d  i n  t h i s  w o rk . The p u rp o se  o f  t h e  
f i r s t  p a r t  o f  t h i s  s e c t i o n  w i l l  be  t o  show how th e  e l e c t r o n  s p e c tro m e te r  
i s  u se d  t o  m easu re  t h e  c o l l i s i o n  c r o s s  s e c t i o n s  a s  g iv e n  by  t h e  f o r ­
m ulae b y  d e s c r ib in g  th e  d a ta  o b ta in e d  i n  one oom p le te  s e r i e s  o f  m easu re ­
m e n ts . The l a s t  p a r t  o f  t h e  s e o t io n  w i l l  be co n ce rn ed  w ith  t h e  p r e s e n ­
t a t i o n  o f  th e  d a ta  o b ta in e d  i n  t h i s  e n t i r e  i n v e s t i g a t i o n ,  t o g e th e r  
w i th  a  co m p ariso n  o f  t h e  s p e c t r a  o b ta in e d  h e r e  w i th  th o s e  r e p o r te d  i n  
t h e  l i t e r a t u r e .
5 .2  MEASUREMENT OF COLLISION CROSS SECTIONS
I t  w i l l  be r e c a l l e d  from  S e o tio n  3 t h a t  c o l l i s i o n  c r o s s  s e c t io n s  
f o r  th e  . r e f e r e n c e  p e a k  o f  a  g a s  a r e  m easured  by means o f  a  h e l iu m -g a s -  
h e liu m  se q u e n c e . When th e  c o l l i s i o n  c r o s s  s e c t i o n s  o f  t h e  r e f e r e n c e  
p e a k  o f  th e  g a s  u n d e r i n v e s t i g a t i o n  h a v e  b een  e s t a b l i s h e d ,  th e n  th e  
o o l l i s i o n  c r o s s  s e c t io n s  o f  any  o th e r  p eak  i n  t h a t  p a r t i c u l a r  g a s  may 
be  r e a d i l y  m easu red  by  a  co m p ariso n  w ith  th e  r e f e r e n c e  p e a k .
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S in c e  h e liu m  i s  a n  a to m ic  s o a t t e r e r ,  e q u a t io n  (2 0 )  m i l l  a p p ly  t o  
i t  when c a l i b r a t i n g  th e  e l e o t r o n  s p e c tro m e te r  w i th  h e l iu m . E q u a tio n  
( 2 1 ) w i l l  a p p ly  t o  th e  g a s  u n d e r  i n v e s t i g a t i o n  s in c e  i n  t h i s  o a se  i t  
i s  a  m o le o u la r  g a s ,  c a rb o n  d io x id e .  B e fo re  any  m easu rem en ts  ca n  be 
m ade, a  r e f e r e n c e  p eak  i n  c a rb o n  d io x id e  m ust b e  c h o s e n , and  t h e  q u an ­
t i t i e s  b and m ust be m e a su re d . A c o n s id e r a t io n  o f  t h e  e n e rg y  s p e c t r a  
o f  o a rb o n  d io x id e  p r e s e n te d  i n  S e c t io n  5 .3 .2  w i l l  show t h a t  t h e  p eak  
a t  11 .09  e l e c t r o n  v o l t s  i s  a  s u i t a b l e  one f o r  u s e  a s  a  r e f e r e n c e  p eak  
b e c a u se  i t  i s  sh a rp  and e a s i l y  d i s t i n g u i s h a b l e .
5 .2 .1  M easurem ent o f  b
The q u a n t i t y  b  w hich  a p p e a r s  i n  e q u a t io n  (2 0 ) m ust b e  m easured  f o r  
h e l iu m . The v a lu e  o f  b i s  a  f u n c t i o n  o f  th e  e l e c t r o n  s p e o tr o m e te r — 
i n  p a r t i c u l a r ,  th e  e l e o t r o n  g u n ~ a n d  hence i s  s u b je o t  t o  d a y - to - d a y  
v a r i a t i o n s .  T h e re fo re  i t  i s  d e s i r a b l e  t h a t  t h i s  q u a n t i t y  be  m easu red  
on th e  same day  a s  t h e  h e liu m -c a rb o n  d io x id e -h e l iu m  seq u en ce  i s  r u n .
b i s  m easu red  by  m aking s e v e r a l  ru n s  on t h e  i n t e n s i t y  o f  t h e  
e l a s t i c a l l y  s c a t t e r e d  beam a s  a  f u n c t i o n  o f  i t s  e n e rg y  d i s t r i b u t i o n .
The a r e a  u n d e r  t h e  ou rve  i s  c a l c u l a t e d  by means o f  S im p so n 's  r u l e ,  
and  b i s  o b ta in e d  by d iv id in g  t h i s  a r e a  by  t h e  p eak  h e i g h t ,  and co n ­
v e r t i n g  t o  u n i t s  o f  e l e c t r o n  v o l t s .  T a b le  I I  c o n ta in s  t h e  d a ta  f o r  
s e v e r a l  d e te rm in a t io n s  o f  b ;  th e  r e s u l t s  o f  th e  c a l c u l a t i o n s  w i l l  be 
fo u n d  a t  t h e  b o tto m  o f  th e  t a b l e .
5 .2 .2  M easurem ent o f  c<
A cco rd in g  t o  e q u a t io n  (2 3 ) ,o <  i s  e a s i l y  o b ta in e d  b y  m e a su rin g  th e  
i n t e n s i t y  o f  one p a r t i c u l a r  e n e rg y  lo s s  a t  one p a r t i c u l a r  s o a t t e r i n g
TABLE I I
DATA FOR A b  VALUE DETERMINATION
1 s t  DETERMINATION 2nd DETERMINATION 3 rd  DETERMINATION
V.D.
( d i v i s i o n s )
I V .D .
( d i v i s i o n s )
I V.D.
( d i v i s i o n s )
I
1 1 0 7 1 1 0 3 106 3
1 1 2 7 1 1 2 5 108 1 2
114 9 114 4 1 1 0 42
116 9 116 9 1 1 2 117
118 16 118 19 114 383
1 2 0 33 1 2 0 62 116 998
1 2 2 135 1 2 2 2 0 0 118 3080
124 308 124 621 1 2 0 7422
126 923 126 1700 1 2 2 15878
128 2892 128 5057 124 24098
130 7495 130 12911 126 21619
132 17500 132 27123 128 8112
134 28200 134 39535 130 1232
136 25893 136 32909 132 1 1 0
138 11876 138 13021 134 18
140 2207 140 1953 136 4
142 165 142 134 138 3
144 19 144 2 0
146 7 146 6
AREA -  195413
d i v i  s i  o n -c  o u n ts  
VOLTS PER DIVISION* 
0 .0 6 0 5 4  
AREA = 11813 .5
v o l t - c o u n t s  
b  * 0 .4 1 9  v o l t s
AREA * 270723
d i v i s i o n  c o u n ts  
VOLTS PER DIVISION* 
0 .0 6 0 4 5 4  
AREA -  16366 .3
v o l t - o o u n ts  
b * 0 .4 1 4  v o l t s
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AREA = 165335
d iv i s i o n  c o u n ts  
VOLTS PER DIVISION* 
0 .0 5 9 8 6 7  
AREA * 9 8 9 8 .1
v o l t - o o u n ts  
b  = 0 .4 0 6  v o l t s
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a n g le  a s  a  f u n c t io n  o f  th e  p r e s s u r e  i n  t h e  c o l l i s i o n  cham b er. I t  can  
b e  s e e n  fro m  th e  e q u a t io n  t h a t  s in c e  we a r e  d e a l in g  o n ly  w i th  t h e  s lo p e  
o f  t h e  cu rv e  lo g  a s  a  f u n c t io n  o f  P , t h e  a c t u a l  v a lu e s  o f  W and  
a r e  o f  no im p o rta n c e  p ro v id e d  th e y  rem a in  c o n s ta n t  th r o u g h o u t  t h e  e n t i r e  
o ( r u n .  S in c e  t h e  e l a s t i c a l l y  s o a t t e r e d  beam  a t  l a r g e  s c a t t e r i n g  a n g le s  
v a r i e s  more s lo w ly  w i th  a  ch an g e  i n  beam d i r e c t i o n  (a n d  t h e r e f o r e  a  
change o f  s c a t t e r i n g  a n g le )  th a n  d o es  a n y  d i s c r e t e  t r a n s i t i o n ,  th e  
ru n s  a r e  c u s to m a r i ly  made on i t .  T a b le  I I I  c o n ta in s  t h e  d a t a  o b ta in e d  
f o r  s e v e r a l  t y p i c a l  d e te r m in a t io n s  f o r  c a rb o n  d io x i d e ,  an d  p l o t s  o f  
lo g  a g a i n s t  P a r e  g iv e n  i n  F ig u re  5 .  O ver a  c o u r s e  o f  many d e t e r ­
m in a t io n s ,  was fo u n d  t o  be 4 9 .0  f o r  c a rb o n  d io x id e .
I t  can  be shown (3 7 ) t h a t  i n  o r d e r  t o  m easu re  c o l l i s i o n  c r o s s  s e c ­
t i o n s ,  i t  i s  n o t n e c e s s a r y  t o  know t h e  v a lu e  o f  t h e  q u a n t i t y  a c c u r a t e ­
l y ,  and  s in c e  i s  m easu red  a s  a  f u n c t io n  o f  t h e  p r e s s u r e ,  i t  i s  t h u s  
n o t  n e c e s s a ry  t o  know th e  p r e s s u r e  i n  t h e  c o l l i s i o n  cham ber a c c u r a t e l y .  
The p r e s s u r e  a l s o  a p p e a r s  i n  t h e  d e n o m in a to r o f  b o th  e q u a t io n s  (2 0 )  and  
( 2 1 ) ,  and th u s  w i l l  c a n c e l  o u t .  The o n ly  r e q u ir e m e n ts  a r e  t h a t '  th e  
vacuum gauge b e in g  u se d  t o  m easu re  t h e  gas  p r e s s u r e  i n  t h e  c o l l i s i o n  
oham ber be in d e p e n d e n t o f  t h e  g as  i t  i s  m e a su rin g  and  t h a t  i t  g iv e  
r e a d in g s  w h ich  v a ry  l i n e a r l y  w ith  th e  t r u e  p r e s s u r e .  T hus t h e  q u a n t i t y  
c< becom es a  c o n s ta n t  w h ich  i s  d e p e n d e n t on b o th  g a s  and  vacuum  g au g e , 
and  t h e  c o n s ta n t  o f  p r o p o r t i o n a l i t y  w i th  t h e  t r u e  p r e s s u r e  i s  i n c o r ­
p o r a te d  i n t o  t h e  a p p a r a tu s  c o n s t a n t .  T h is  i s  p e r m is s ib le  s o  lo n g  a s  
t h e  vacuum gauge i s  n o t  a l t e r e d  d u r in g  th e  c o u rs e  o f  a  s e r i e s  o f  
e x p e r im e n ts  on a  p a r t i c u l a r  g as  f o r  w h ich  th e  v a lu e  o f  h a s  b een  
d e te rm in e d .
TABLE I H  
DATA FOR THREE ALPHA DETERMINATIONS
G.A*
( d e g r e e s )
P*
(cm .)
P x  104 
(mm* Hg)
I
( c t s . / l O  s e c . )
I / P  x  10“ 8
1 .S  ( § )  -
+17 1 0 ,5 6 4 12534 2 .2 2 2 0 .3 4 6 7
2 1 ,2 6 25709 2 .0 4 0 0 .3 0 9 6
3 2 ,1 5 38738 1 .8 0 2 0 .2 5 5 8
4 3 .3 0 52671 1 .5 9 6 0 .2 0 3 0
5 4 .8 9 65447 1 .3 3 8 0 .1 2 6 5
-1 0 1 0 .5 6 4 12512 2 .2 1 8 0 .3 4 6 0
2 1 .2 6 26461 2 .1 0 0 0 .3 2 2 2
3 2 .1 5 41884 1 .948 0 .2 8 9 6
4 3 .3 0 56865 1 .7 2 3 0 .2 3 6 3
5 4 .8 9 72516 1 .4 8 3 0 .1 7 1 1
+18 5 4 .8 9 52384 1 .0 7 1 0 .0 2 9 7 9
4 3 .3 0 41647 1 .2 6 2 0 .1 0 1 1
3 2 .1 5 31271 1 .4 5 4 0 .1 6 2 6
2 1 .2 6 19901 1 .579 0 .1 9 8 4
1 0 .5 6 4 9632 1 .7 0 8 0 .2 3 2 5
♦ T h is  colum n g iv e s  t h e  r e a d in g s  o f  t h e  d e f l e c t i o n  a s  shown on th e  
K nudsen gauge*
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Average oC = 49.0
The nm gnitude o f  t h e  q u a n t i t y  e**P^  f o r  h e liu m  h a s  b e e n  w e l l  
e s t a b l i s h e d  i n  t h i s  l a b o r a to r y ,  an d  s in o e  i t s  r e l a t i v e  v a r i a t i o n  w ith  
ch an g es  i n  vacuum gauge i s  so  s m a l l ,  i t  was n o t  deemed n e c e s s a r y  t o  
re d e te rm in e  i t s  v a lu e  f o r  t h i s  work*
5 .2 .3  M easurem ent o f  C o l l i s i o n  C ro ss  S e c t io n s  o f  t h e  R e fe re n o e  Peak
As h a s  b een  p r e v io u s ly  e x p la in e d ,  c o l l i s i o n  c r o s s  s e c t i o n s  o f  t h e  
r e f e r e n c e  p eak  o f  a  g a s  a r e  m easured  b y  a  s e r i e s  o f  a n g u la r  r u n s  ta k e n  
i n  h e l iu m -g a s -h e l iu m  se q u e n c e . The m easu rem en ts  o f  b and o f« < , th e  
v a lu e s  o f  w hich  a r e  n eed ed  i n  t h e  f i n a l  c a l c u l a t i o n s  o f  t h e  c o l l i s i o n  
c r o s s  s e c t i o n s ,  a r e  o r d i n a r i l y  made on th e  same d ay  a s  t h e  h e l iu m -g a s -  
h e liu m  se q u e n c e , so  t h a t  an y  d a y - to -d a y  f l u c t u a t i o n s  i n  any o f  t h e  
com ponents o f  t h e  e l e c t r o n  s p e c tro m e te r  w i l l  n o t  a f f e o t  th e  m easu rem en ts .
T a b le s  IV , V, and VI c o n ta in  a l l  t h e  a d d i t i o n a l  d a t a  needed  f o r  th e  
d e te r m in a t io n  o f  t h e  c o l l i s i o n  c ro s s  s e c t i o n s  o f  t h e  11 .09  v o l t  p eak  
( th e  r e f e r e n c e  p e a k ) o f  c a rb o n  d io x id e .  T ab le  IV o o n ta in s  t h e  d a ta  
and r e s u l t s  o f  c a l c u l a t i o n s  f o r  t h e  i n i t i a l  h e l iu m  ru n s*  I n  t h i s  
p a r t i c u l a r  c a s e ,  t h r e e  i n i t i a l  h e liu m  ru n s  w ere made i n s t e a d  o f  t h e  
cu s to m ary  tw o . T a b le  V o o n ta in s  t h e  d a ta  and r e s u l t s  o f  c a l c u l a t i o n s  
o f  t h e  ru n  w h ich  w as made on th e  1 1 .09  v o l t  p eak  o f  c a rb o n  d io x id e .
S in c e  t h e  z e ro  a n g le  was i d e n t i c a l  i n  th e  tw o c a rb o n  d io x id e  ru n s  and 
a l s o  i n  two o f  th e  t h r e e  i n i t i a l  h e l iu m  r u n s ,  t h e  tw o ru n s  w ere  
a v e ra g e d  to g e th e r  b e fo re  t h e  c a l c u l a t i o n s  w ere c a r r i e d  o u t i n  o rd e r  t o  
re d u c e  th e  la b o r  in v o lv e d .  F i n a l l y ,  T a b le  VI c o n ta in s  t h e  f i n a l  
h e liu m , o r  "ch eck "  r u n .  The c o l l i s i o n  o ro s s  s e c t i o n s  o f  t h e  r e f e r e n c e  
p e a k  o f  ca rb o n  d io x id e  w hich  w ere  c a l c u l a t e d  i n  T a b le  V a r e  p l o t t e d
TABLE IV
INITIAL HELIUM RUNS
RST RUN ^  ni.)vln" h  P'APX) IS I ^
g .a .  e  i  ^ p 2 F k ap)tm  k l *i°
12 8 .7 0 3537 0 .8 6 1 7 1 .021 0 .2 0 6 7 2 .0 2 4
11 7 .70 6462 0 .6 7 8 8 1 .3 0 1 0 .2 6 2 0 2 .0 1 4
10 6 .7 0 10322 0 .5 1 8 3 1 .382 0 .3 2 5 0 2 .3 5 2
9 -1 /2 6 .2 0 16681 0 .4 4 6 3 1 .780 0 .3 5 8 7 2 .0 1 5
9 5 .7 0 23319 0 .3 7 9 7 1 .9 4 7 0 .3 9 3 9 2 .0 2 3
8 -1 /2 5 .2 0 32768 0 .3 1 8 9 2 .0 9 7 0 .4 2 8 8 2 .0 4 5
8 4 .7 0 48015 0 .2 6 3 5 2 .2 9 4 0 .4 6 4 2 .0 2 3
7 -1 /2 4 .2 0 68024 0 .2 1 3 7 2 .3 5 7 0 .5 0 0 2 .1 2 1
7 3 .7 0 97331 0 .1 6 9 7 2 .3 6 0 0 .5 3 3 2 .258
- 1 /2 - S . 80 84466 0 .1 7 8 2 2 .2 0 8 0 .5 2 7 2 .3 8 7
-1 -4 .3 0 58272 0 .2 2 3 4 2 .1 6 1 0 .4 9 2 2 .2 7 7
- 1 - 1 /2 -4 .8 0 43800 0 .2 7 4 3 2 .2 2 6 0 .4 5 7 2 .0 5 3
-2 - 5 .3 0 31031 0 .3 3 0 5 2 .0 9 6 0 .4 2 2 3 2 .0 1 5
- 2 - 1 /2 -5 .8 0 21990 0 .3 9 2 5 1 .9 2 6 0 .3 8 6 8 2 .008
-3 -6 .3 0 16143 0 .4 6 0 2 1 .8 0 4 0 .3 5 2 0 1 .9 5 1
-4 - 7 .3 0 8445 0 .6 1 2 0 1 .4 5 4 0 .2 8 6 3 1 .9 6 9
- 5 -8 .3 0 4388 0 .7 8 5 9 1 .1 0 2 0 .2 2 7 7 2 .0 6 6
-6 -9 .3 0 2441 0 .9 8 2 0 0 .8 5 7 9 0 .1 7 7 6 2 .0 6 4
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TABLE IV  
( C o n 't )
IN ITIA L HELIUM RUNS
SECOND AND THIRD RUNS
G.A. e ■^ 2nd l a v e ^  (0 ^ 1 ? ) KbTHSo
12 8 .6 0 3 5 7 0 5612 3591 0 .8 4 2 5 1 .0 0 1 0 .2 1 1 8 2 .1 1 2
11 7 .6 0 6 4 9 7 6497 0 .6 6 1 8 1 .260 0 .2 6 7 8 2 .1 2 5
10 6 .  60 12609 12609 0 .5 0 3 3 1 .6 7 1 0 .3 3 1 7 - 1 .9 8 5
9 -1 /2 6 .1 0 17473 17473 0 .4 3 1 0 1 .7 7 2 0 .3 6 6 6 2 .0 6 9
9 5 .6 0 2 4 5 0 5 24239 24372 0 .3 6 7 1 1 .932 0 .4 0 1 0 2 .0 7 6
8 - 1 /2 5 .1 0 3 4 4 3 4 34434 0 .3 0 7 3 2 .0 8 2 0 .4 3 6 4 2 .0 9 6
8 4 .6 0 4 8 9 1 3 49328 49120 0 .2 5 3 1 2 .2 0 7 0 .4 7 1 2 .1 3 4
7 -1 /2 4 .1 0 7 0 4 7 1 69075 69773 0 .2 0 4 5 2 .2 5 9 0 .5 0 7 2 .2 4 4
7 5 .6 0 9 7 3 3 1 102289 102289 0 .1 6 1 5 2 .2 9 7 0 .5 3 9 2 .3 4 7
- 1 / 2 - 3 .9 0 8 7 1 6 1 82849 82305 0 .1 8 6 7 2 .3 1 4 0 .5 2 0 2 .2 4 7
-1 - 4 .4 0 5 3 5 2 6 57737 55532 0 .2 3 3 1 2 .1 9 8 0 .4 8 5 2 .2 0 7
- 1 - 1 /2 - 4 .9 0 3 9 2 5 7 40682 39970 0 .2 8 5 1 2 .1 5 5 0 .4 5 0 2 .0 8 8
-2 - 5 .4 0 2 7 2 0 4 28598 27801 0 .3 4 2 6 1 .984 0 .4 1 5 0 2 .0 9 2
- 2 - 1 /2 - 5 .9 0 1 9 0 7 3 20267 19670 0 .4 0 5 6 1 .8 1 5 0 .3 7 9 7 2 .0 9 2
-3 - 6 .4 0 1 4 1 5 9 14299 14229 0 .4 7 4 3 1 .666 0 .3 4 5 3 2 .0 7 3
-4 - 7 .4 0 7 4 8 2 7619 7551 0 .6 2 8 3 1 .3 5 3 0 .2 8 0 1 2 .0 7 0
•5 - 8 .4 0 5 9 6 6 4011 3989 0 .8 0 4 6 1 .038 0 .2 2 2 3 2 .1 4 2
•6 - 9 .4 0 2 1 8 5 2185 1 .0 0 3 0 .7 9 2 1 0 .1 7 3 0 2 .1 8 4
A v e .* 2 .0 8 8
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b  = 0 ,4 1 0  
K * 5 .0 9 3  x  1010
TABLE Y
CARBON DIOXIDE RUNS
G» A* e ■I^stRun
X2nd
Run
*^ave I * 10" S
12 8 . 7 9 1056 1075 1066 0 .5 7 0 2 0 .2 9 2 6
11 7 . 7 9 1674 1748 1711 0 .8 1 1 3 0 .4 1 6 4
10 6 . 7 9 3541 3672 3607 1 .4 9 2 0 .7 6 5 7
9 5 . 7 9 8542 8343 8443 2 .9 8 3 1 .5 3 1
8 - 1 /2 5 .2 9 14206 13993 14100 4 .5 5 0 2 .3 3 5
8 4 .7 9 23776 23269 23523 6 .8 7 0 3 .526
7 -1 /2 4 .2 9 39289 39289 10 .2 9 5 .2 8 1
7 3 .7 9 62661 65355 65008 1 4 .8 1 7 .600
- 1 /2 - 3 .7 1 71133 69214 70173 1 5 .8 9 8 .1 5 5
-1 - 4 .2 1 41558 40442 41000 1 0 .5 5 5 .4 1 4
- 1 - 1 /2 - 4 .7 1 24465 24252 24359 7 .0 0 0 3 .5 9 2
-2 - 5 .2 1 14495 14416 14456 4 .5 9 6 2 .359
- 2 - 1 /2 - 5 .7 1 8810 8810 3 .0 6 8 1 .5 7 4
-3 - 6 .2 1 5588 5492 5540 2 .0 9 8 1 .0 7 7
-4 - 7 .2 1 2501 2481 2491 1 .0 9 4 0 .5 6 1 4
-5 - 8 .2 1 1404 1419 1411 0 .7 0 5 3 0 .3 6 2 0
-6 - 9 .2 1 930 940 935 0 .5 2 0 8 0 .2 6 7 3
-61
TABLE VI 
FINAL HELIUM RUN
G.A. e I A'!Z (£  4 4 / W 'iKi * fap (<r4&p*) Kb x  1 0 - t ol ^  'THFO
12 8 . 5 7 3728 0 .8 3 6 7 1 .029 0 .2 1 3 2 2 .0 7 2
11 7 . 5 7 6807 0 .6 5 6 9 1 .3 0 4 0 .2 6 9 7 2 .0 6 8
10 6 . 5 7 12850 0 .4 9 8 9 1 .6 2 3 0 .3 3 3 6 2 .0 5 5
9 -1 /2 6 .0 7 17941 0 .4 2 8 1 1 .7 9 7 0 .3 6 7 1 2 .0 4 3
9 5 .5 7 24661 0 .3 6 3 4 1 .9 2 5 0 .4 0 1 9 2 .0 8 8
8 -1 /2 5 .0 7 35209 0 .3 0 3 9 2 .0 9 3 0 .4 3 8 8 2 .0 9 7
8 4 .5 7 50831 0 .2 5 0 2 2 .2 4 3 0 .4 7 3 2 .109
7 -1 /2
- l / 2
4 .0 7 71339 0 .2 0 1 8 2 .2 6 2 0 .5 0 9 2 .2 5 0
- 3 .9 3 79427 0 .1 8 9 4 2 .2 8 2 0 .5 1 8 2 .2 7 0
- 1 - 4 .4 3 53902 0 .2 3 6 1 2 .176 0 .4 8 3 2 .220
- 1 - 1 /2 - 4 .9 3 38430 0 .2 8 8 4 2 .1 0 9 0 .4 4 8 2 .1 2 4
-2 - 5 .4 3 26509 0 .3 4 6 2 1 .9 4 3 0 .4 1 2 8 2 .1 2 5
- 2 - 1 /2 - 5 .9 3 18686 0 .4 0 9 6 1 .750 0 .3 7 7 6 2 .1 5 8
-S - 6 .4 3 13718 0 .4 7 8 6 1 .627 0 .3 4 3 3 2 .1 1 0
-4 - 7 .4 3 7131 0 .6 3 3 3 1 .293 0 .2 7 8 4 2 .1 5 3
-5 -8 .4 3 3788 0 .8 0 8 7 0 .9 9 4 1 0 .2 2 1 1 2 .2 2 4
-6 - 9 .4 3 2321 1 .009 0 .8 4 9 0 0 .1 7 2 2
Ave
2 .028
.* 2 .1 2 0
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b * 0 .4 1 0  
K * 5 .1 7 1  x  1010
i n  F ig u re  6 .  T h is  p l o t  i r i . l l  b e  u se d  i n  p la c e  o f  a  h e l iu m  c a l i b r a t i o n  
ru n  t o  d e te rm in e  t h e  a p p a r a tu s  c o n s ta n t  when t h e  c o l l i s i o n  c r o s s  
s e c t io n s  o f  o th e r  p e a k s  i n  c a rb o n  d io x id e  a r e  m e a su re d , a s  w as o u t l i n e d  
i n  S e c t io n  3* 2 , an d  a s  w i l l  b e  i l l u s t r a t e d  i n  S e c t io n  5*24*
To e l im in a te  an y  p o s s i b l e  o o n fu s io n ,  i t  w ou ld  b e  a d v i s a b l e  a t t h i s  
p o in t  t o  e x p la in  t h e  colum n h e a d in g s  i n  T a b le s  IV , V, and V I, a l th o u g h  
s e v e r a l  o f  them  h a v e  b e e n  e x p la in e d  e ls e w h e re .  I n  T a b le  IV , t h e  colum n 
h ead ed  b y  G. A. g iv e s  t h e  gun a n g le  a s  r e a d  d i r e c t l y  from  t h e  c o l l i s i o n  
cham ber t o p .  0  i s  t h e  t r u e  s c a t t e r i n g  a n g le  a s  d e te rm in e d  from  th e  
v a lu e s  o f  G. A. b y  t h e  m ethod o u t l i n e d  i n  S e c t io n  3 . 2 .  I  i s  t h e
2i n t e n s i t y  o f  t h e  s c a t t e r e d  c u r r e n t ,  i n  c o u n ts  p e r  t e n  s e c o n d s . A T  
i s  t h e  sq u a re  o f  t h e  change o f  momentum o f  t h e  e l e o t r o n  upon im p a c t ,  
a s  c a l c u l a t e d  b y  m eans o f  e q u a t io n  ( 2 2 ) .  The colum n h ead e d  by
r  « * )
* k>
gk p  — . x  10^ g iv e s  t h e  m easu red  v a lu e s  o f  th e  q u a n t i t y  
sXP
■s— • The colum n h ead e d  b y  | <f ■=— &T2 ) g iv e s  t h e
P2 ]  \ 2 I  THEO
*pjt h e o r e t i c a l  v a lu e s  o f  |  0  A P  J  a s  c a l c u l a t e d  by  Jo n e s  (1 )  and  
S ilv e rm a n  ( 3 6 ) .  The t h e o r e t i c a l  v a lu e s  o f  6  a r e  t a b u l a t e d  a s
p
<T•=-- AP b e c a u se  t h i s  q u a n t i t y  v a r i e s  much l e s s  r a p i d l y  w i th  &T2 
2
t h a n  d o es  6  a lo n e ,  and  th u s  i s  e a s i e r  t o  i n t e r p o l a t e .  The colum n 
h ead ed  by Kb x  10“ ^® i s  o b ta in e d  b y  d iv i d in g  t h e  p r e v io u s  tw o  co lu m n s. 
S in c e  b h a s  b e e n  p r e v io u s ly  d e te rm in e d ,  K, t h e  a p p a r a tu s  o o n s t a n t ,  
i s  im m e d ia te ly  known. The colum n h e a d in g s  i n  T a b le  VI a r e  t h e  same 
a s  i n  T ab le  IV . I n  T ab le  V, t h e  f i r s t  f i v e  colum ns a r e  s i m i l a r  t o  t h e
-  6 k  -
ACCELERATING VOLTS = 510.25  
PRESSURE = 4 .8 8  x O '10 mm. Hg 
BEAM CURRENT * 10 (SHUNT 10)
S
0.2 0.3 0.4 0.6 0.7 0.8 0.9
A. °F ig u re  6 :  s  a s  a  F u n c tio n  o f  Zj P f o r  th e  R e fe re n c e  p eak  o f  C arbon D io x id e
a n a lo g o u s  o n es  i n  t h e  o th e r  tw o  t a b l e s *  The oolum n h ead e d  b y
— x 1011 i s  c a l c u l a t e d  u s in g  e q u a t io n  ( 2 1 ) ,  and  th e  colum n h ead ed  by  
K
8 g iv e s  t h e  f i n a l  c r o s s  s e c t i o n  v a lu e s  and  i s  o b ta in e d  b y  m u l t ip ly in g  
th e  p r e v io u s  colum n b y  K a s  c a l c u l a t e d  i n  T a b le s  IV  and  V*
A n o te  m ig h t b e  add ed  a t  t h i s  p o in t  c o n c e rn in g  th e  p h ra s e  
"BEAM CURRENT * ID (SHUNT 10") w h ich  w i l l  be  fo u n d  on s e v e r a l  f i g u r e s  
i n  t h i s  t h e s i s .  T h is  r e f e r s  t o  t h e  d e f l e c t i o n  o f  t h e  g a lv a n o m e te r  
w h ich  i s  b e in g  u s e d  t o  m easu re  th e  beam c u r r e n t .  The p h ra s e  m eans t h a t  
t h e  g a lv a n o m e te r  i s  b e in g  d e f l e o t e d  10 cm. b y  t h e  beam  c u r r e n t  when 
t h e  10 ohm sh u n t i s  i n  t h e  o i r c u i t .  T h is  c o r re s p o n d s  t o  a  beam c u r r e n t  
o f  3*16 m ic ro a m p e re s . A l l  c o l l i s i o n  c ro s s  s e c t i o n s  and  m ost o f  t h e  
s p e c t r a  h av e  b e e n  m e asu re d  a t  t h i s  beam c u r r e n t .  H ow ever, i t  w i l l  be 
n o te d  t h a t  t h e  z e r o  a n g le  sp e c tru m  was ta k e n  a t  a  beam c u r r e n t  o f  1 
( s h u n t  l )  w h ic h  m eans t h a t  t h e  beam c u r r e n t  was 0*0316 m ic ro a m p e re s .
5 . 2 .4  M easurem ent o f  C o l l i s i o n  C ross S e c t io n s  o f  P eaks O th e r  th a n  
t h e  R e fe re n c e  Peak  
When t h e  c o l l i s i o n  c r o s s  s e c t i o n s  o f  th e  r e f e r e n c e  p e a k  i n  c a rb o n  
d io x id e  ( o r  w h a te v e r  g a s  m ig h t be  u n d e r  i n v e s t i g a t i o n )  h av e  b e e n  d e t e r ­
m in ed , t h e  c o l l i s i o n  c r o s s  s e c t i o n s  f o r  any  o th e r  p eak  o r  e n e rg y  lo s s  
i n  t h e  co n tin u u m  i n  c a rb o n  d io x id e  may be m easu red  w i th o u t  h a v in g  t o  
go th r o u g h  t h e  le n g th y  h e liu m -o a rb o n  d io x id e - h e l iu m  seq u en ce  eao h  t im e .  
I n s t e a d ,  w h a t i s  done i s  t h a t  a n  a n g u la r  ru n  i s  made s im u l ta n e o u s ly  
on t h e  r e f e r e n c e  p eak  and  th e  p e a k  i n  t h e  same g as  f o r  w h ich  i t  i s  
d e s i r e d  t o  m easu re  t h e  c o l l i s i o n  c r o s s  s e c t i o n s .
I n  t h i s  c a s e ,  a  s im p l i f i e d  fo rm  o f  e q u a t io n  (2 1 ) i s  u s e d . S in c e  
now we a r e  com paring  tw o  d i f f e r e n t  p eak s  i n  t h e  same g a s ,  e q u a t io n
(E l)  may be w r it t e n
S « I  s i n ©
K« E -  W
e* p £
w here  K' = —p— . From th e  r e s p e c t iv e  m easured  v a lu e s  o f  I ,  0  , E,
g
an d  W, th e  q u a n t i t y  ^  i s  c a l c u la te d  f o r  b o th  t h e  r e f e r e n c e  p e a k  and 
th e  p e a k  u n d e r  i n v e s t i g a t i o n .  The v a lu e s  o f  S f o r  th e  a p p r o p r ia te  
v a lu e s  o f  a r e  r e a d  from  F ig u re  6 , and th u s  th e  r e v i s e d  a p p a ra tu s
c o n s t a n t ,  K’ , i s  c a l c u l a t e d .  U sing  t h i s  c o n s ta n t ,  th e  v a lu e s  o f th e  
c o l l i s i o n  c r o s s  s e c t io n s  f o r  th e  p a r t i c u l a r  p e a k  u n d e r  i n v e s t i g a t i o n  
may be c a l c u l a t e d .
As an  exam ple o f  t h i s  p r o c e s s ,  c o n s id e r  t h e  12*59 e v  p eak  i n  
c a rb o n  d io x id e .  T a b le  T i l l  c o n ta in s  th e  d a ta  and  c a l c u l a t i o n s  f o r  th e  
a n g u la r  ru n  made on th e  11 .09  ev  p eak  ( th e  r e f e r e n c e  p e a k ) .  T a b le  V III 
c o n ta in s  t h e  d a ta  and c a l c u la te d  r e s u l t s  f o r  t h e  a n g u la r  ru n  made 
s im u l ta n e o u s ly  on th e  1 2 .39  ev  p e a k . The colum n i n  T ab le  V II  h ead e d  
by  S c o n ta in s  t h e  v a lu e s  o f  S a s  re a d  o f f  F ig u re  6 .  I t  w i l l  be  n o te d  
t h a t  t h e  r e v i s e d  a p p a ra tu s  c o n s ta n t  i s  o f  a  d i f f e r e n t  o rd e r  o f  m agni­
tu d e  th a n  th e  r e g u la r  a p p a ra tu s  c o n s t a n t .  T h is  i s ' b e c a u se  c e r t a i n  
a d d i t i o n a l  c o n s ta n t s  have been  in c o rp o r a te d  i n t o  K th e  r e v is e d  c o n s ta n t  
■which w ere  n o t  in c o rp o r a te d  i n t o  t h e  r e g u la r  on e .
TABLE VII
CALIBRATION OF SPECTROMETER USING THE REFERENCE PEAK
G.A. e r
S
K» S K»
18 1 5 .01 109 0 .0 5 6 4 8
17 1 4 .0 1 151 0 .0 7 3 1 6
16 1 3 .0 1 219 0 .0 9 8 6 5
15 1 2 .0 1 298 0 .1 2 4 1
14 1 1 .0 1 398 0 .1 5 2 1
13 1 0 .0 1 485 0 .1 6 8 7
12 9 .0 1 634 0 .1 9 8 7 0 .2 9 1 .4 5 9  ( ? )
11 8 .0 1 1052 0 .2 9 3 2 0 .3 3 1 .126
10 7 .0 1 2007 0 .4 9 0 1 0 .6 5 0 1 .326
9 6 .0 1 4767 0 .9 9 8 7 1 .2 7 1 .272
8 .5 5 .5 1 7875 1 .1 5 4 1.88 1 .6 2 9  ( ? )
8 5 .0 1 13363 2 .3 3 5 2 .8 7 1 .229
7 .5 4 .5 1 22302 3 .5 1 0 4 .3 8 1 .2 4 8
7 4 .0 1 36988 5 .1 7 7 6 .4 6 1 .248
6 .5 3 .5 1 65106 7 .980 8 .9 7 1 .137
-1 -  3 .9 9 37288 5 .1 9 1 6 .6 4 1 .279
- 1 .5 -  4 .4 9 21449 3 .3 6 0 4 .4 5 1 .324
-2 -  4 .9 9 12367 2 .1 5 3 2 .9 4 1 .366
- 2 .5 -  5 .4 9 7473 1 .4 3 1 1 .9 1 1 .335
—3 -  5 .9 9 4716 0 .9 8 4 3 1 .3 0 1 .3 2 1
-4 -  6 .9 9 2044 0 .4 9 7 9 0 .6 4 1 .2 8 5
-5 -  7 .9 9 1092 0 .3 0 3 8 0 .3 8 1 .2 5 1
-6 -  8 .9 9 721 0 .2 2 5 3 0 .2 9 1 .287
-7 -  9 .9 9 516 0 .1 7 9 2
-8 -1 0 .9 9 369 0 .1 4 0 7
-9 -1 1 ,9 9 306 0 .1 2 7 2
-10 -1 2 .9 9 238 0 .1 0 7 1
A ve. K* = 1 .2 6 1
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TABLE V I I I
DATA FOR CROSS SECTIONS OF 1 2 .4 6  YOU PEAK
G.A. e I SK' S
18 1 5 .0 1 150 0 .0 7 7 9 4 0 .0 9 8 2 4
17 1 4 .0 1 186 0 .0 9 0 3 4 0 .1 1 3 9
16 1 3 .0 1 257 0 .1 1 6 1 0 .1 4 6 3
15 1 2 .0 1 325 0 .1 3 5 7 0 .1 7 1 0
14 1 1 .0 1 436 0 .1 6 7 1 0 .2 1 0 6
13 1 0 .0 1 601 0 .2 0 9 7 0 .2 6 4 3
12 9 .0 1 976 0 .3 0 6 6 0 .3 8 6 5
11 8 .0 1 1702 0 .4 7 5 7 0 .5 9 9 6
10 7 .0 1 3372 0 .8 2 5 4 1 .0 4 0
9 6 .0 1 7292 1 .532 1 .9 3 1
8 .5 5 .5 1 10945 2 .1 0 9 2 .6 5 8
8 5 .0 1 17419 3 .0 5 4 3 .8 5 0
7 .5 4 .5 1 26849 4 .2 3 7 5 .3 4 1
7 4 .0 1 41877 5 .8 7 6 7 .4 0 7
6 .5 3 .5 1 68159 8 .3 7 6 1 0 .5 6
-1 -3 .9 9 44238 6 .1 7 5 7 .7 8 5
- 1 .5 - 4 .4 9 27357 4 .2 9 5 5 .4 1 4
-2 - 4 .9 9 17252 3 .0 0 9 3 .7 9 3
- 2 .5 - 5 .4 9 11088 2 .1 2 9 2 .6 8 4
-3 -5 .9 9 7367 1 .542 1 .9 4 4
-4 -6 .9 9 3304 0 .8 0 6 7 1 .0 1 7
-5 -7 .9 9 1684 0 .4 6 9 7 0 .5 9 2 1
-6 - 8 .9 9 1017 0 .3 1 8 8 0 .4 0 1 8
-7 - 9 .9 9 646 0 .2 2 4 9 0 .2 8 3 5
-8 -1 0 .9 9 456 0 .1 7 4 4 0 .2 1 9 8
-9 -1 1 .9 9 360 0 .1 5 0 0 0 .1 8 9 1
-10 -1 2 .9 9 269 0 .1 2 1 3 0 .1 5 2 9
68 -
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T h is  c o n c lu d e s  S e c t io n  5 .2  on m easurem ent o f  c o l l i s i o n  c r o s s  
s e c t i o n s .  The n e x t s e c t i o n  w i l l  p r e s e n t  t h e  d a ta  o b ta in e d  i n  t h i s  
r e s e a r c h  u s in g  m ethods e x a c t ly  a n a lo g o u s  t o  th o s e  j u s t  d e s c r ib e d .
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5 .3  PRESENTATION OF DATA
5 .3 .1  P u r i t y  o f  C hem icals
B e fo re  p r e s e n t i n g  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  a  w ord 
sh o u ld  be  added  c o n c e rn in g  th e  p u r i t y  o f  t h e  c h e m ic a ls  u s e d . P a s t  
e x p e r ie n c e  i n  t h i s  l a b o r a to r y  h a s  shown t h a t  t h e  com m ercia l g ra d e  
o f  h e l iu m  o b ta in e d  from  th e  A ir  R e d u c tio n  Company w h ich  w as u sed  
i n  t h i s  w ork i s  s u f f i c i e n t l y  p u re  f o r  o u r p u rp o s e s .  The p r i n c i p a l  
t e s t  o f  p u r i t y  w as t h e  e l e o t r o n  im p a c t sp e c tru m , which, in d io a te d  
no s i g n i f i c a n t  im p u r i ty .  H elium  fro m  th e  same s o u rc e  h a s  a l s o  b een  
u se d  b y  o th e r s  i n  t h i s  l a b o r a to r y ,  and m ass s p e c t r o s c o p ic  a n a l y s i s  
i n d i c a t e d  p u r i t y  o f  b e t t e r  th a n  99.9% , a l th o u g h  t h e  p a r t i c u l a r  sam ple 
u se d  i n  t h e  p r e s e n t  w ork w as n o t  t e s t e d .
The c a rb o n  d io x id e  u sed  i n  t h i s  w ork was o b ta in e d  from  th e  
M atheson Company, and i s  known i n  th e  t r a d e  a s  th e  ’’Bone D ry” g ra d e .
I t  h a s  a  l i s t e d  p u r i t y  o f  99.956?$, w i th  t h e  im p u r i ty  o f  0.044?$ con­
s i s t i n g  o f  m o is tu r e .  H e re ,  t o o ,  t h e  e l e c t r o n  im p a c t sp ec tru m  f a i l e d  
t o  show up any  im p u r i t i e s  w h a ts o e v e r .  H ass s p e c t r o s c o p ic  a n a l y s i s  
a l s o  f a i l e d  t o  show up any  s i g n i f i c a n t  i m p u r i t i e s .
5 .3 .2  S p e o tra  o f  C arbon D io x id e
S ix  s p e c t r a  o f  c a rb o n  d io x id e  w i th in  th e  e n e rg y  ra n g e  o f  from  
6 t o  20 e l e c t r o n  v o l t s  and  ra n g in g  from  z e ro  t o  7 .9  d e g re e s  s c a t t e r i n g  
a n g le  a r e  p r e s e n te d  i n  F ig u re s  7 th ro u g h  1 2 . In  a l l  s i x  c a s e s  th e  
a c c e l e r a t i n g  v o l t a g e  was a b o u t 510 v o l t s  and  th e  p r e s s u r e  i n  th e  
c o l l i s i o n  cham ber w as 4*88 x  10“ ^ mm. Hg.
The o b s e rv e d  e x c i t a t i o n  p o t e n t i a l s ,  i n  v o l t s ,  a r e  a s  f o l lo w s :
Figure 
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8 .6 1  -  0 .0 6  
9 .1 6  i  0 .0 6  
1 1 .0 9  ± 0 . 0 3  
1 1 .5 1  ± 0 .0 6  
1 2 .3 9  ± 0 .0 3  
.3 1 5 7  ± 0 .0 3  
1 5 .4 8  i  0 .0 3  
1 6 .2 6  ± 0 .0 3  
1 7 .1 7  ± 0 .0 3  
1 7 .8 3  ± 0 .0 3
5 .3 .3  C o l l i s i o n  C ro ss  S e c t io n s  and  G e n e ra l iz e d  O s c i l l a t o r  S tr e n g th s  
f o r  a l l  D is c r e te  T r a n s i t i o n s  Above Ten V o lts  
T a b le s  IX and  X c o n ta in  th e  c o l l i s i o n  c r o s s  s e c t i o n s  and  g e n e r a l ­
iz e d  o s c i l l a t o r  s t r e n g t h s  f o r  t h e  1 1 .0 9 , 1 2 .3 9 , 1 3 .5 7 , 1 5 .4 8 , 1 6 .2 6 , and  
1 7 .8 3  v o l t  e x c i t a t i o n  p o t e n t i a l s .  The d a ta  a r e  t a b u l a t e d  a t  i n t e r v a l s  
o f  0 .1  u n i t  o f  2\P2 o u t t o  A ? Z ■ 3 .2 .
The d a ta  p r e s e n te d  i n  T a b le s  IX  and X and  a l s o  t h e  t a b l e s  t o  be 
m e n tio n ed  i n  S e c t io n s  5 .3 4  and  5 .3 5  a r e  "sm oothed  v a lu e s "  o f  t h e  d a t a .  
T hese sm oothed v a lu e s  a r e  o b ta in e d  i n  t h e  f o l lo w in g  w ay. The raw  
v a lu e s  o f  t h e  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h s  a r e  p l o t t e d  a g a in s t  
A P  • The b e s t  p o s s i b l e  c u rv e  i s  draw n th r o u g h  t h e  p o in t s  w ith  th e  
a i d  o f  l i n e a r  a n d /o r  p a r a b o l i c  sm oo th ing  fo rm u la e  ( 3 8 ) .  Then th e  
v a lu e s  o f  t h e  sm oothed o s o i l l a t o r  s t r e n g t h s  a r e  r e a d  o f f  t h e  p l o t s  
a t  0 .1  u n i t  i n t e r v a l s  o f  & ¥  .  The sm oothed v a lu e s  o f  t h e  c o l l i s i o n  
c r o s s  s e c t i o n s  a r e  th e n  fo u n d  b y  c a l c u l a t i n g  them  from  th e  sm oothed 
o s c i l l a t o r  s t r e n g t h s  by m eans o f  e q u a t io n  ( 1 2 ) .  The raw  d a ta  fro m  
w h ich  th e  o r i g i n a l  sm ooth ing  c u rv e s  w ere  draw n a r e  p r e s e n te d  i n  
A ppend ix  I I I .  The e r r o r  in t r o d u c e d  i n  o b ta in in g  th e  sm oothed o s c i l l a ­
t o r  s t r e n g t h s  from  a  g ra p h  i s  u s u a l l y  l e s s  th a n  t h e  d e v ia t io n  o f  t h e  
e x p e r im e n ta l  p o in t s  from  th e  sm ooth c u rv e .
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5 .3 .4  C o l l i s io n  C ro ss  S e c t io n s  an d  G e n e ra l is e d  O s o i l l a t o r  S t r e n g th s  
f o r  t h e  8 .6 1  and  9 .1 6  V o lt P eaks
B ecause s p e c i a l  i n t e r e s t  i s  e x p re s s e d  i n  t h e s e  tw o p e a k s  i n  t h i s  
■work, and  b e c a u se  th e y  d i f f e r  g r e a t l y  from  t h e  o th e r  p eak s  i n  t h e  
sp e c tru m , th e y  have been  p la c e d  i n  a  d i f f e r e n t  s e c t i o n  from  th e  o th e r  
p e a k s .  T ab le  XI c o n ta in s  t h e  sm oothed v a lu e s  o f  t h e  c o l l i s i o n  c r o s s  
s e c t io n s  and o p t i c a l  o s c i l l a t o r  s t r e n g t h s  f o r  th e  8 .6 1  and  9 .1 6  v o l t
p e a k s  i n  th e  sp e c tru m  o f  ca rb o n  d io x id e .
5 .3 .5  C o l l i s i o n  C ro ss  S e c t io n s  and G e n e ra l is e d  O s c i l l a t o r  S t r e n g th s
f o r  N ine E n e rg ie s  i n  t h e  Continuum
T a b le s  X I I ,  X I I I ,  and  XIV c o n ta in  t h e  sm oothed v a lu e s  o f  t h e  
o o l l i s i o n  c r o s s  s e c t i o n s  and g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h s  o f  th e  
n in e  e n e r g ie s  ly in g  i n  t h e  co n tin u u m  -which w ere s tu d ie d  i n  t h i s  
i n v e s t i g a t i o n .  T hese e n e r g ie s  a r e t  2 4 .5 8 , 3 1 .6 2 , 3 9 .7 0 , 4 6 .3 9 ,
5 3 .6 3 , 6 0 .9 6 , 6 7 . .9 ,  7 2 .7 7 , and  79 .00  v o l t s .
p
5 .3 .6  P lo t s  o f  G e n e ra l iz e d  O s c i l l a t o r  S t r e n g th s  a s  a  F u n c tio n  o f  i^ P  
F ig u re  13 i s  a  c o m p o site  g rap h  o f  th e  g e n e r a l iz e d  o s c i l l a t o r
A
s t r e n g t h s  o f  a l l  p e a k s  ly in g  above 10 v o l t s  a s  a  f u n c t io n  o f  A P  • 
These a r e  a l l  p la c e d  i n  a  s in g l e  g rap h  so  t h a t  th e  b e h a v io r  o f  th e  
d i f f e r e n t  p e a k s  may be m ore e a s i l y  com pared . F ig u re  14 i s  a  p l o t  
o f th e  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g th s  a s  a  f u n c t i o n  o f  AP** f o r  th e
8 .6 1  and 9 .1 6  v o l t  t r a n s i t i o n s .  F ig u re  15 i s  t h e  same k in d  o f  compo­
s i t e  g rap h  a s  F ig u re  1 3 , e x c e p t t h a t  i t  i s  f o r  t h e  n in e  e n e r g ie s  i n  
th e  co n tinuum .
TABLE IX
"SMOOTHED" VALUES OF THE COLLISION CROSS 
SECTIONS AND DIFFERENTIAL OSCILLATOR STRENGTHS 
OF THE 1 1 .0 9 , 1 2 .3 9  and  1 3 .5 7  VOLT EXCITATIONS OF 
CARBON DIOXIDE
1 1 .0 9 VOLTS 1 2 .3 9  VOLTS 1 3 .5 7  VOLTS
A P * 8 f 8 f 8 f
0 0 .4 1 4 0 .4 7 7 0 .7 1 8
0 .1 1 5 .4 1 0 .3 1 8 1 7 .1 1 0 .3 9 5 2 2 .8 1 0 .5 7 7
0 .2 5 .6 1 0 .2 3 1 6 .9 4 0 .3 2 0 9 .0 6 0 .4 5 8
0 .3 2 .5 5 0 .1 5 7 3 .5 9 0 .2 4 8 4 .6 9 0 .3 5 6
0 .4 1 .3 6 0 .1 1 2 2 .0 6 0 .1 9 0 2 .7 4 0 .2 7 7
0 .5 0 .8 0 0 .0 8 3 1 .3 1 0 .1 5 1 1 .79 0 .2 2 6
0 .6 0 .5 7 0 .0 7 0 0 .8 9 2 0 .1 2 3 1 .2 5 0 .1 9 0
0 .7 0 .4 3 0 .0 6 2 0 .6 4 5 0 .1 0 4 0 .9 2 1 0 .1 6 3
0 .8 0 .3 5 0 .0 5 7 0 .5 0 0 .0 9 3 0 .7 1 7 0 .1 4 5
0 .9 0 .2 9  . 0 .0 5 4 0 .4 1 0 .0 8 4 0 .5 8 0 0 .1 3 2
1 .0 0 .2 5 0 .0 5 2 0 .3 4 0 .0 7 8 0 .4 9 0 0 .1 2 4
1 .1 0 .2 3 0 .0 5 1 0 .2 9 0 .0 7 3 0 .4 2 8 0 .1 1 9
1 .2 0 .2 0 0 .0 5 0 0 .2 5 0 .0 7 0 0 .3 7 9 0 .1 1 5
1 .3 0 .1 9 0 .0 5 0 0 .2 3 0 .0 6 9 0 .3 4 1 0 .1 1 2
1 .4 0 .1 7 0 .0 5 0 0 .2 1 0 .0 6 8 0 .3 1 1 0 .1 1 0
1 .5 0 .1 6 0 .0 4 9 0 .2 0 0 .0 6 8 0 .2 8 7 0 .1 0 9
1 .6 0 .1 5 0 .0 5 0 0 .1 8 0 .0 6 8 0 .2 6 6 0 .1 0 8
1 .7 0 .1 4 0 .0 5 0 0 .1 7 0 .0 6 7 0 .2 4 7 0 .1 0 6
1 .8 0 .1 4 0 .0 5 0 0 .1 6 0 0 .0 6 6 0 .2 3 0 0 .1 0 5
1 .9 0 .1 3 0 .0 5 0 0 .1 5 0 0 .0 6 5 0 .2 1 4 0 .1 0 3
2 .0 0 .1 2 0 .0 5 0 0 .1 4 0 0 .0 6 4 0 .2 0 2 0 .1 0 2
2 .1 0 .1 1 0 .0 4 9 0 .1 3 0 .0 6 3 0 .1 8 8 0 .1 0 0
2 .2 0 .1 1 0 .0 4 8 0 .1 2 0 .0 6 2 0 .1 8 0 .0 9 8
2 .3 0 .1 0 0 .0 4 0 0 .1 2 0 .0 6 2 0 .1 7 0 .0 9 7
2 .4 0 .0 9 4 0 .0 4 6 0 .1 1 0 .0 6 2 0 .1 6 0 .0 9 5
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TABLE IX
(Cont)
1 1 .0 9  VOLTS 12 .39 VOLTS 1 3 .5 7 VOLTS
s f 8 f 8 f
2 .5 0 .0 8 7 0 .0 4 5 0 .1 1 0 .0 6 1 0 .1 5 0 .0 9 3
2 .6 0 .0 8 2 0 .0 4 4 0 .1 0 0 .0 6 0 0 .1 4 0 .0 9 2
2 .7 0 .0 7 6 0 .0 4 2 0 .0 9 6 0 .0 6 0 0 .1 3 0 .0 8 9
2 .8 0 .0 7 1 0 .0 4 1 0 .0 9 3 0 .0 6 0 0 .1 2 0 .0 8 7
2 .9 0 .0 6 7 0 .0 4 0 0 .0 8 9 0 .0 5 9 0 .1 2 0 .0 8 5
3 .0 0 .0 6 2 0 .0 3 8 0 .0 8 5 0 .0 5 9 0 .1 1 0 .0 8 3
3 .1 0 .0 5 8 0 .0 3 7 0 .0 8 2 0 .0 5 9 0 .1 0 0 .0 8 1
3 .2 0 .0 5 4 0 .0 3 5 0 .0 7 9 0 .0 5 8 0 .1 0 0 .0 7 9
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TABLE X
"SMOOTHED" VALUES OF THE COLLISION CROSS 
SECTIONS AND DIFFERENTIAL OSCILLATOR STRENGTHS 
OF THE 1 5 .4 8 , 1 6 .2 6  AND 1 7 .8 3  VOLT EXCITATIONS OF
CARBON DIOXIDE
15 .48 VOLTS 1 6 .2 6 VOLTS 1 7 .8 3  VOLTS
A p 2 8 f 8 f 8 f
0 0 .3 2 7 0 .4 4 5 0 .3 3 9
O . l 1 0 .5 0 .3 0 2 1 2 .7 0 .3 8 5 9 .0 3 0 .3 0 1
0 .2 4 .7 8 0 .2 7 6 5 .4 5 0 .3 3 1 3 .9 6 0 .2 6 4
0 .3 2 .90 0 .2 5 1 3 .1 0 0 .2 8 2 2 .2 9 0 .2 2 9
0 .4 1 .9 6 0 .2 2 7 1 .9 7 0 .2 3 9 1 .4 7 0 .1 9 6
0 .5 1 .4 1 0*204 1 .3 5 0 .2 0 4 1 .0 1 0 .1 6 8
0 .6 1 .0 5 0 .1 8 2 0 .9 6 8 0 .1 7 6 0 .7 3 5 0 .1 4 7
0 .7 0 .8 0 5 0 .1 6 3 0 .7 2 5 0 .1 5 4 0 .5 6 0 0 .1 3 1
0 .8 0 .6 3 6 0 .1 4 7 0 .5 6 3 0 .1 3 7 0 .4 4 0 0 .1 1 7
0 .9 0 .5 1 3 0 .1 3 3 0 .4 4 8 ' 0 .1 2 2 0 .3 5 5 0 .1 0 7
1 .0 0 .4 2 3 0 .1 2 2 0 .3 6 7 0 .1 1 1 0 .2 9 0 .0 9 7
1 .1 0 .3 5 8 0 .1 1 4 0 .3 0 8 0 .1 0 3 0 .2 4 0 .0 8 9
1 .2 0 .3 0 9 0 .1 0 7 0 .2 6 0 .0 9 6 0 .2 1 0 .0 8 3
1 .3 0 .2 7 1 0 .1 0 2 0 .2 3 0 .0 8 9 0 .1 8 0 .0 7 7
1 .4 0 .2 4 0 .0 9 7 0 .2 0 0 .0 8 5 0 .1 6 0 .0 7 3
1 .5 0 .2 1 0 .0 9 3 0 .1 8 0 .0 8 1 0 .1 4 0 .0 6 9
1 .6 0 .1 9 0 .0 8 9 0 .1 6 0 .0 7 8 0 .1 2 0 .0 6 6
1 .7 0 .1 7 0 .0 8 5 0 .1 5 0 .0 7 6 0 .1 1 0 .0 6 3
1 .8 0 .1 6 0 .0 8 2 0 .1 4 0 .0 7 4 0 .1 0 0 .0 6 0
1 .9 0 .1 5 0 .0 8 0 0 .1 3 0 .0 7 3 0 .0 9 2 0 .0 5 8
2 .0 0 .1 3 0 .0 7 7 0 .1 2 0 .0 7 1 0 .0 8 5 0 .0 5 7
2 .1 0 .1 2 0 .0 7 5 0 .1 1 0 .0 7 0 0 .0 7 9 0 .0 5 5
2 .2 0 .1 1 0 .0 7 3 0 .1 0 0 .0 6 9 0 .0 7 3 0 .0 5 4
2 .3 0 .1 1 0 .0 7 1 0 .0 9 7 0 .0 6 8 0 .0 6 8 0 .0 5 2
2 .4 0 .1 0 0 .0 6 9 0 .0 9 1 0 .0 6 6 0 .0 6 4 0 .0 5 1
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SABLE X
(Cont)
1 5 .4 8  VOLTS 1 6 .2 6  VOLTS 1 7 .8 3  VOLTS
p 2 s f s f 8 f
2 .5 0 .0 9 4 0 .0 6 8 0 .0 8 5 0 .0 6 5 0 .0 6 0 0 .0 5 0
2 .6 0 .0 8 8 0 .0 6 6 0 .0 8 0 0*063 0 .0 5 7 0 .0 4 9
2 .7 0 .0 8 3 0 .0 6 5 0 .0 7 5 0 .0 6 1 0 .0 5 4 0 .0 4 9
2 .8 0 .0 7 9 0 .0 6 4 0 .0 7 1 0 .0 6 0 0 .0 5 1 0 .0 4 8
2 .9 0 .0 7 4 0 .062 0 .0 6 6 0 .0 5 8 0 .0 4 9 0 .0 4 7
3 .0 0 .0 7 1 0 .0 6 1 0 .0 6 2 0 .5 6 0 .0 4 7 0 .0 4 7
3 .1 0 .0 6 7 0 .0 6 0 0 .0 5 8 0 .0 5 5 0 .0 4 5 0 .0 4 6
3 .2 0 .0 6 4 0 .0 5 9 0 .0 5 5 0 .0 5 3 0 .0 4 2 0 .0 4 5
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TABLE XT
"SMOOTHED" VALUES OF THE COLLISION CROSS 
SECTIONS AND DIFFERENTIAL OSCILLATOR STRENGHTS 
OF THE 8 .6 1  AND 9 .1 6  VOLT EXCITATIONS OF CARBON DIOXIDE
8 .6 1  VOLTS 9 .1 6  VOLTS
A  P2 8 f  S f
0 --------- 0 .0 1 2 4 --------- 0 .0 1 4 5
0 . 1 0 .8 9 6 0 .0 1 4 3 0 .9 8 9 0 .0 1 6 8
0 .2 0 .4 7 0 0 .0 1 5 0 0 .5 1 5 0 .0 1 7 5
0 .3 0 .3 0 3 0 .0 1 4 5 0 .3 2 6 0 .0 1 6 6
0 .4 0 .2 0 5 0 .0 1 3 1 0 .2 2 2 0 .0 1 5 1
0 .5 0 .1 4 5 0 .0 1 1 6 0 .1 5 7 0 .0 1 3 3
0 .6 0 .1 0 7 0 .0 1 0 2 0 .1 1 2 0 .0 1 1 4
0 .7 0 .0 7 8 8 0 .0 0 8 8 0 .0 8 2 0 .0 0 9 8
0 .8 0 .0 5 8 0 0 .0 0 7 4 0 .0 6 2 0 .0 0 8 4
0 .9 0 .0 4 3 9 0 .0 0 6 3 0 .0 4 8 0 .0 0 7 4
1 .0 0 .0 3 4 5 0 .0 0 5 5 0 .0 3 8 0 .0 0 6 5
1 .1 0 .0 2 8 0 .0 0 4 9 0 .0 3 2 0 .0 0 5 9
1 .2 0 .0 2 3 0 .0 0 4 4 0 .0 2 6 0 .0 0 5 4
1 .3 0 .0 1 9 0 .0 0 3 9 0 .0 2 3 0 .0 0 5 0
1 .4 0 .0 1 6 0 .0 0 3 5 0 .0 2 0 0 .0 0 4 7
1 .5 0 .0 1 4 0 .0 0 3 3 0 .0 1 8 0 .0 0 4 5
1 .6 0 .0 1 2 0 .0 0 3 1 0 .0 1 6 0 .0 0 4 3
1 .7 0 .0 1 1 0 .0 0 3 0 0 .0 1 5 0 .0 0 4 2
1 .8 0 .0 1 0 0 .0 0 3 0 0 .0 1 3 0 .0 0 4 0
1 .9 0 .0 0 9 6 0 .0 0 2 9 0 .0 1 2 0 .0039
2 .0 0 .0 0 8 8 0 .0 0 2 8 0 .0 1 1 0 .0 0 3 8
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TABLE XII
"SMOOTHED" VALUES OF THE COLLISION CROSS 
SECTIONS AND.DIFFERENTIAL OSCILLATOR STRENGTHS 
OF THE 2 4 .5 8 , 3 1 .6 2  AND 3 9 .7 0  VOLT EXCITATIONS OF
CARBON DIOXIDE
24.58 VOLTS 31 .6 2 VOLTS 39 .70 VOLTS
A P l 8 f 8 f 8 f
0 0 .3 7 1 0 .3 8 5 0 .2 5 2
0 .1 7.320 0 .3 4 3 6 .0 8 0 .3 6 5 3 .5 7 0 .2 7 1
0 .2 3 .3 7 0 .3 1 6 2 .8 7 0 .3 4 4 1 .8 6 0 .2 8 3
0 .3 2 .06 0 .2 8 9 1 .8 0 0 .3 2 4 1 .2 7 0 .2 8 9
0 .4 1 .40 0 .2 6 3 1 .2 7 0 .3 0 5 0 .9 5 3 0 .2 9 0
0 .5 1 .02 0 .2 3 8 0 .9 5 4 0 .2 8 6 0 .7 5 6 0 .2 8 7
0 .6 0 .7 6 5 0 .2 1 5 0 .7 4 4 0 .2 6 8 0 .6 1 8 0 .2 8 2
0 .7 0 .5 9 4 0 .1 9 5 0 .5 9 5 0 .2 5 0 0 .5 1 5 0 .2 7 4
0 .8 0 .4 7 0 0 .1 7 6 0 .4 8 3 0 .2 3 2 0 .4 3 4 0 .2 6 4
0 .9 0 .3 7 9 0 .1 6 0 0 .4 0 0 0 .2 1 6 0 .3 7 2 0 .2 5 4
1 .0 0 .3 1 0 0 .1 4 5 0 .3 3 4 0 .2 0 0 0 .3 2 1 0 .2 4 4
1 .1 0 .2 5 6 0 .1 3 2 0 .2 8 2 0 .1 8 6 0 .2 8 1 0 .2 3 5
1 .2 0 .2 1 8 0 .1 2 2 0 .2 4 1 0 .1 7 4 0 .2 4 7 0 .2 2 5
1 .3 0 .1 8 8 0 .1 1 4 0 .2 0 8 0 .1 6 2 0 .2 1 9 0 .2 1 6
1 .4 0 .1 6 3 0 .1 0 7 0 .1 8 1 0 .1 5 2 0 .1 9 5 0 .2 0 7
1 .5 0 .1 4 3 0 .1 0 0 0 .1 5 9 0 .1 4 3 0 .1 7 4 0 .1 9 8
1 .6 0 .1 3 0 .0 9 5 0 .1 4 1 0 .1 3 5 0 .1 5 5 0 .1 8 9
1 .7 0 .1 1 0 .0 9 0 0 .1 2 6 0 .1 2 8 0 .1 3 9 0 .1 7 9
1 .8 0 .1 0 0 .0 8 5 0 .1 1 3 0 .1 2 2 0 .1 2 4 0 .1 6 9
1 .9 0 .0 9 0 0 .0 8 0 0 .1 0 2 0 .1 1 6 0 .1 1 2 0 .1 6 1
2 .0 0 .0 8 1 0 .0 7 6 0 .0 9 2 8 0 .1 1 1 0 .1 0 1 0 .1 5 4
2 .1 0 .0 7 3 0 .0 7 2 0 .0 8 5 5 0 .1 0 8 0 .0 9 2 0 0 .1 4 7
2 .2 0 .0 6 6 0 .0 6 8 0 .0 7 9 0 0 .1 0 4 0 .0 8 4 2 0 .1 4 1
2 .3 0 .0 6 0 0 .0 6 4 0 .0 7 3 2 0 .1 0 1 0 .0 7 7 4 0 .1 3 5
2 .4 0 .0 5 4 0 .0 6 1 0 .0 6 9 0 .0 9 9 0 .0 7 1 5 0 .1 3 0
2 .5 0 .0 5 0 0 .0 5 8 0 .0 6 5 0 .0 9 7 0 .0 6 6 5 0 .1 2 6
2 .6 0 .0 4 5 0 .0 5 5 0 .0 6 1 0 .0 9 5 0 .0 6 1 9 0 .1 2 2
2 .7 0 .0 5 8 0 .0 9 3 0 .0 5 8 0 0 .1 1 9
2 .8 0 .0 5 5 0 .0 9 2 0 .0 5 4 2 0 .1 1 5
2 .9 0 .0 5 2 0 .0 9 1 0 .0 5 1 0 0 .1 1 2
3 .0 0 .0 5 0 0 .0 9 0 0 .0 4 8 1 0 .1 1 0
3 .1 0 .0 4 8 0 .0 8 9 0 .0 4 5 4 0 .1 0 7
3 .2 0 .0 4 6 0 .0 8 8 0 .0 4 2 9 0 .1 0 4
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TABLE X III
"SMOOTHED" VALUES OF THE COLLISION CROSS 
SECTIONS AND-DIFFERENTIAL OSCILLATOR STRENGTHS 
OF THE 4 6 .3 9 , 5 3 .6 3  AND 6 0 .9 6  VOLT EXCITATIONS OF
CARBON DIOXIDE
3
4 6 .3 9 VOLTS 5 3 .6 3  VOLTS 6 0 .9 6 VOLTS
A ? 8 f s f s f
0 0 .1 1 9 0 .1 4 2 0 .1 2 8
0 .1 1 .6 6 0 .1 4 8 1 .5 3 0 .1 5 9 1 .1 8 0 .1 4 0
0 .2 0 .9 5 5 0 .1 7 1 0 .8 4 4 0 .1 7 6 0 .6 4 0 0 .1 5 3
0 .3 0 .7 2 0 0 .1 9 3 0 .6 0 6 0 .1 8 9 0 .4 5 7 0 .1 6 4
0 .4 0 .5 8 0 0 .2 0 7 0 .4 8 3 0 .2 0 1 0 .3 6 4 0 .1 7 4
0 .5 0 .4 8 5 0 .2 1 7 0 .4 0 4 0 .2 1 0 0 .3 0 7 0 .1 8 3
0 .6 0 .4 1 6 0 .2 2 3 0 .3 4 8 . 0 .2 1 8 0 .2 6 7 0 .1 9 1
0 .7 0 .3 6 1 0 .2 2 6 0 .3 0 6 0 .2 2 3 0 .2 3 7 0 .1 9 8
0 .8 0 .3 1 9 0 .2 2 8 0 .3 7 3 0 .2 2 7 0 .2 1 4 0 .2 0 4
0 .9 0 .2 8 3 0 .2 2 8 0 .2 4 5 0 .2 3 0 0 .1 9 5 0 .2 0 9
1 .0 0 .2 5 5 0 .2 2 6 0 .2 2 3 0 .2 3 2 0 .1 7 8 0 .2 1 2
1 .1 0 .2 2 7 0 .2 2 3 0 .2 0 3 0 .2 3 2 0 .1 6 4 0 .2 1 5
1 .2 0 .2 0 3 0 .2 1 8 0 .1 8 5 0 .2 3 1 0 .1 5 1 0 .2 1 6
1 .3 0 .1 8 3 0 .2 1 3 0 .1 6 8 0 .2 2 8 0 .1 4 0 0 .2 1 7
1 .4 0 .1 6 6 0 .2 0 8 0 .1 5 3 0 .2 2 3 0 .1 3 0 0 .2 1 7
1 .5 0 .1 5 1 0 .2 0 2 0 .1 4 0 0 .2 1 8 0 .1 2 1 0 .2 1 7
1 .6 0 .1 3 8 0 .1 9 7 0 .1 2 7 0 .2 1 2 0 .1 1 4 0 .2 1 7
1 .7 0 .1 2 6 0 .1 9 1 0 .1 1 7 0 .2 0 7 0 .1 0 6 0 .2 1 6
1 .8 0 .1 1 5 0 .1 8 5 0 .1 0 8 0 .2 0 2 0 .0 9 9 9 0 .2 1 5
1 .9 0 .1 0 6 0 .1 8 0 0 .1 0 0 0 .1 9 7 0 .0 9 4 0 0 .2 1 3
2 .0 0 .0 9 7 3 0 .1 7 4 0 .0 9 2 2 0 .1 9 2 0 .0 8 8 4 0 .2 1 1
2 .1 0 .0 8 9 5 0 .1 6 8 0 .0 8 5 4 0 .1 8 7 0 .0 8 3 1 0 .2 0 8
2 .2 0 .0 8 2 4 0 .1 6 2 0 .0 7 9 4 0 .1 8 2 0 .0 7 8 4 0 .2 0 6
2 .3 0 .0 7 5 9 0 .1 5 6 0 .0 7 3 9 0 .1 7 7 0 .0 7 3 8 0 .2 0 3
2 .4 0 .0 6 9 9 0 .1 5 0 0 .0 6 8 8 0 .1 7 2 0 .0 6 9 5 0 .1 9 9
2 .5 0 .0 6 4 4 0 .1 4 4 0 .0 6 4 1 0 .1 6 7 0 .0 6 5 3 0 .1 9 5
2 .6 0 .0 5 9 4 0 .1 3 8 0 .0 5 9 8 0 .1 6 2 0 .0 6 1 5 0 .1 9 1
2 .7 0 .0 5 4 8 0 .1 3 2 0 .0 5 5 6 0 .1 5 6 0 .0 5 7 8 0 .1 8 6
2 .8 0 .0 5 0 5 0 .1 2 6 0 .0 5 1 5 0 .1 5 0 0 .0 5 4 4 0 .1 8 2
2 .9 0 .0 4 6 7 0 .1 2 1 0 .0 4 7 8 0 .1 4 4 0 .0 5 1 1 0 .1 7 7
3 .0 0 .0 4 2 9 0 .1 1 5 0 .0 4 4 2 0 .1 3 8 0 .0 4 8 0 0 .1 7 2
3 .1 0 .0 3 9 6 0 .1 1 0 0 .0 4 0 7 0 .1 3 1 0 .0 4 5 0 0 .1 6 7
3 .2 0 .0 3 6 4 0 .1 0 4 0*0375 0 .1 2 5
-  85 -
TABLE XIV
"SMOOTHED" VALUES OF THE COLLISION CROSS 
SECTIONS AND DIFFERENTIAL OSCILLATOR STRENGTHS 
OF THE 6 7 .1 9 , 7 2 .7 7  AND 7 9 .0 0  VOLT EXCITATIONS OF
CARBON DIOXIDE
7
6 7 .1 9 VOLTS 7 2 .7 7  VOLTS 79 .0 0 VOLTS
AP 8 f 8 f s f
0 0 .1 1 1 m iw m m m tm 0 .1 2 6 0 .1 0 1
0 .1 0 .8 9 6 0 .1 1 9 0 .8 9 2 0 .1 2 9 0 .6 0 6 0 .1 0 5
0 .2 0 .4 7 9 0 .1 2 7 0 .4 6 1 0 .1 3 3 0 .3 4 6 0 .1 0 9
0 .3 0 .3 3 9 0 .1 3 5 0 .3 1 5 0 .1 3 6 0 .2 3 9 0 .1 1 3
0 .4 0 .2 6 8 0 .1 4 2 0 .2 4 3 0 .1 4 0 0 .1 8 6 0 .1 1 7
0 .5 0 .2 2 4 0 .1 4 9 0 .1 9 9 0 .1 4 3 0 .1 5 4 0 .1 2 1
0 .6 0 .1 9 5 0 .1 5 5 0 .1 6 9 0 .1 4 7 0 .1 3 2 0 .1 2 5
0 .7 0 .1 7 4 0 .1 6 1 0 .1 4 9 0 .1 5 0 0 .1 1 7 0 .1 2 9
0 .8 0 .1 5 8 0 .1 6 7 0 .1 3 3 0 .1 5 3 0 .1 0 5 0 .1 3 3
0 .9 0 .1 4 4 0 .1 7 2 0 .1 2 0 0 .1 5 6 0 .0 9 5 8 0 .1 3 6
1 .0 0 .1 3 3 0 .1 7 6 0 .1 1 1 0 .1 6 0 0 .0 8 8 8 0 .1 4 0
1 .1 0 .1 2 4 0 .1 8 0 0 .1 0 2 0 .1 6 2 0 .0 8 2 5 0 .1 4 3
1 .2 0 .1 1 5 0 .1 8 3 0 .0 9 5 3 0 .1 6 5 0 .0 7 7 2 0 .1 4 6
1 .3 0 .1 0 8 0 .1 8 6 0 .0 8 9 4 0 .1 6 8 0 .0 7 2 7 0 .1 4 9
1 .4 0 .1 0 2 0 .1 8 8 0 .0 8 4 1 0 .1 7 0 0 .0 6 6 9 0 .1 5 2
1 .5 0 .0 9 5 6 0 .1 9 0 0 .0 7 9 6 0 .1 7 2 0 .0 6 5 1 0 .1 5 4
1 .6 0 .0 8 9 8 0 .1 9 0 0 .0 7 5 4 0 .1 7 4 0 .0 6 1 8 0 .1 5 6
1 .7 0 .0 8 4 5 0 .1 9 0 0 .0 7 1 5 0 .1 7 5 0 .0 5 9 0 0 .1 5 8
1 .8 0 .0 7 9 5 0 .1 9 0 0 .0 6 7 8 0 .1 7 6 0 .0 5 6 4 0 .1 6 0
1 .9 0 .0 7 5 1 0 .1 8 9 0 .0 6 4 5 0 .1 7 7 0 .0 5 3 7 0 .1 6 1
2 .0 0 .0 7 0 9 0 .1 8 8 0 .0 6 1 2 0 .1 7 7 0 .0 5 1 4 0 .1 6 2
2 .1 0 .0 6 7 3 0 .1 8 7 0 .0 5 8 3 0 .1 7 7 0 .0 4 9 2 0 .1 6 3
2 .2 0 .0 6 3 8 0 .1 8 6 0 .0 5 5 5 0 .1 7 6 0 .0 4 7 4 0 .1 6 4
2 .3 0 .0 6 0 5 0 .1 8 4 0 .0 5 3 0 0 .1 7 6 0 .0 4 5 6 0 .1 6 5
2 .4 0 .0 5 7 5 0 .1 8 3 0 .0 5 0 6 0 .1 7 5 0 .0 4 3 9 0 .1 6 6
2 .5 0 .0 5 4 6 0 .1 8 1 0 .0 4 8 5 0 .1 7 5 0 .0 4 2 4 0 .1 6 7
2 .6 0 .0 5 2 0 0 .1 7 9 0 .0 4 6 5 0 .1 7 4 0 .0 4 0 9 0 .1 6 8
2 .7 0 .0 4 9 5 0 .1 7 7 0 .0 4 4 6 0 .1 7 4 0 .0 3 9 5 0 .1 6 8
2 .8 0 .0 4 7 1 0 .1 7 5 0 .0 4 2 9 0 .1 7 3 0 .0 3 8 2 0 .1 6 9
2 .9 0 .0448 0 .1 7 2 0 .0 4 1 3 0 .1 7 3 0 .0 3 7 0 - 0 .1 6 9
3 .0 0 .0 4 2 8 0 .1 7 0 0 .0 3 9 7 0 .1 7 2 0 .0 3 5 9 0 .1 7 0
3 .1 0 .0 4 0 9 0 .1 6 8 0 .0 3 8 2 0 .1 7 1 0 .0 3 4 8 0 .1 7 0
3 .2 0 .0 3 9 0 0 .1 6 5 0 .0 3 6 8 0 .1 7 0 — _ _
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5 .4  A COMPARISON OF SPECTRA OBSERVED IN THIS WORK WITH THOSE RECORDED
IN THE LITERATURE
C om parisons may b e  made b e tw een  e x c i t a t i o n  p o t e n t i a l s  o b se rv e d  i n  
t h e  s p e c t r a  o f  c a rb o n  d io x id e  o b ta in e d  i n  t h i s  w ork by e l e c t r o n  im p ac t 
m ethods and th o s e  s p e c t r a  w h ich  a re  o b ta in e d  b y  u l t r a v i o l e t  s p e o t r o -  
so o p ic  m ethods and  w hich  a r e  re c o rd e d  i n  t h e  l i t e r a t u r e .  I n  m ost c a s e s ,  
ag reem en t be tw een  t h e  tw o i s  f a i r l y  good .
A v e ry  s h a rp  p e a k  w as fou n d  t o  o c c u r  a t  1 1 .0 9  -  0 .0 3  e v . T h is  
v a lu e  o f  t h e  e x c i t a t i o n  p o t e n t i a l  i s  i n  e x c e l l e n t  ag reem en t w i th  In n ,  
W atan ab e , and  Z e l i k o f f 's  v a lu e  o f  1 1 .0 5  e v  (1121  A ) (2 9 ) and  P r ic e  
and  S im pson’ s v a lu e  o f  1 1 .0 6  e v  (1120 A) ( 2 7 ) .  No ev id e n c e  o f  P r io e  
and  S im p so n 's  band  o c c u r r in g  a t  1 0 .9 6  e v  (1130 A) ( w hich  i s  a s  in t e n s e  
a s  t h e  1120 A band ) was fo u n d , f o r  th e  11 .09  ev  p eak  a s  o b se rv ed  i n  
t h i s  w ork  i s  e x tre m e ly  s te e p  on th e  low  e n e rg y  s i d e ,  show ing no i n d i ­
c a t io n  o f  any  u n d e r ly in g  p e a k s .  R udberg (2 1 ) a l s o  fo u n d  an e x c i t a t i o n  
p o t e n t i a l  a t  1 1 .2 2  £ 0 .2 8  ev  w hich  p ro b a b ly  c o rre sp o n d s  t o  t h a t  a t
1 1 .0 9  ev  o b se rv e d  i n  t h i s  w o rk .
The lo w e s t e n e rg y  e x c i t a t i o n  p o t e n t i a l  i s  found  t o  o ccu r a t  8 .6 1  * 
0 .0 6  e v ,  i n  f a i r  ag reem en t w i th  P r i c e  and S im p so n 's  v a lu e  o f  8 .4 3  ev  
(1470 A) ( 2 7 ) ,  W ilk in so n  and  J o h n s to n 's  v a lu e  o f  8 .2 9  e v  (1495 A) ( 2 8 ) ,  
and  I n n ,  W atanabe, . and Z e l i k o f f 's  v a lu e  o f  8 .4 0  e v  (1475 A) ( 2 9 ) .
T h is  p a r t i c u l a r  p eak  was v e ry  d i f f i c u l t  t o  r e s o lv e  from  th e  one a t
9 .1 6  i  0 .0 6  ev  and  h en ce  a  r a t h e r  l a r g e  e r r o r  i n  th e  p eak  p o t e n t i a l  
i s  n o t  a l t o g e t h e r  s u r p r i s i n g .  The d i f f i c u l t y  i n  o b ta in in g  th e  e x a c t  
e n e rg y  a t  w hich th e  maximum o c c u rs  h a s  e v i d e n t ly  been  e x p e r ie n c e d  
by  th e  u l t r a v i o l e t  s p e c t r o s c o p i s t s  a l s o ,  s in c e  t h e i r  v a lu e s  f o r  t h i s
e n e rg y  v a ry  from  8*29 t o  8 .4 3  e v .  I t  may be added  h e re  t h a t  R udberg 
(2 1 ) a l s o  found  a  maximum i n  c a rb o n  d io x id e  a t  8 .4 1  ± 0 . 2 2  ev  i n  
e x c e l l e n t  ag reem en t w i th  th e  s p e c tr o s c o p ic  v a lu e .  H ow ever, s in c e  
h i s  p r e o i s i o n  ra n g e  i s  ± 0 .2 2  e v  an d  h i s  o th e r  w ork on c a rb o n  d io x id e  
i s  n o t n e a r ly  so  a c c u r a te ,  one m ust a s s ig n  t o  t h i s  e x c e l l e n t  ag reem en t 
a  e e r t a i n  amount o f  c o in c id e n c e ,  i f  th e  maximum w hich he  o b se rv e d  was 
a c t u a l l y  due t o  t h e  ca rb o n  d io x id e  g a s .
A second  low  e n e rg y  a b s o r p t io n  was fo u n d  t o  o c c u r a t  9 .1 6  ±
0 .0 6  e v .  T h is  i s  i n  f a i r l y  good ag reem en t w ith  th e  v a lu e s  o f  9 .2 8  ev  
(1335  A) re c o rd e d  b y  P r ic e  and  Sim pson (2 7 ) and 9 .3 0  e v  (1332 A) 
re c o rd e d  by I n n ,  W atanabe, and  Z e l ik o f f  ( 2 8 ) .  H ere  a g a in  some d i f f i ­
c u l t y  was e n c o u n te re d  i n  o b ta in in g  th e  c o r r e c t  e x c i t a t i o n  p o t e n t i a l .  
R udberg (2 1 ) o b se rv e d  no maximum o c c u r r in g  i n  t h e  v i c i n i t y  o f  9 v o l t s .  
S in c e  i n  an y  b u t th e  m ost m in u te ly  i n v e s t i g a t e d  s p e c t r a  t h e  8 .6 1  and
9 .1 6  v o l t  p e a k s  seem t o  o co u r a s  one p e a k , w i th  maximum i n t e n s i t y  
o c c u r r in g  a t  a b o u t 9 v o l t s ,  i t  i s  e n t i r e l y  c o n c e iv a b le  t h a t  R udberg ’ s
8 .4 1  v o l t  e x c i t a t i o n  p o t e n t i a l  may c o r re sp o n d  t o  t h a t  o v e r a l l  maximum, 
f o r  i t  i s  h a r d ly  p o s s ib le  t h a t  R udberg w i th  h i s  c ru d e  a p p a ra tu s  c o u ld  
have d e te c te d  t h e  8 .4  v o l t  p eak  a s  c o m p le te ly  r e s o lv e d  from  t h e  9 .1 6  
v o l t  p e a k .
I t  was o b se rv e d  i n  t h i s  w ork t h a t  t h e  two p e a k s  a t  8 .6 1  and 9 .1 6 e v  
o c c u r  a t  e n e r g ie s  w h ich  a r e  s l i g h t l y  g r e a t e r  th a n ,  and  s l i g h t l y  l e s s  
th a n ,  r e s p e c t i v e l y ,  th e  s p e c tr o s c o p ic  v a lu e s  o f  th e s e  e x c i t a t i o n  p o te n ­
t i a l s .  S in c e  t h e r e  i s  u n d o u b te d ly  a  g r e a t  d e a l  o f  o v e r la p  be tw een  
th e s e  two s e p a r a te  t r a n s i t i o n s ,  i t  i s  e n t i r e l y  p o s s i b l e ,  and m ore­
o v e r ,  p ro b a b le ,  t h a t  t h e  d is a g re e m e n t be tw een  th e  r e s u l t s  o b ta in e d
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s p e c t r o s c o p i c a l l y  and  th o s e  o b ta in e d  by  means o f  e l e c t r o n  im p ac t 
i n  t h i s  w ork i s  cau sed  by t h e  d i f f e r e n c e  i n  r e s o l u t i o n  be tw een  t h e  
tw o k in d s  o f  in s tru m e n ts  used*  U ndoub ted ly  t h e  e l e c t r o n  s p e c tro m e te r  
h a s  p o o re r  r e s o l u t i o n  j , and th u s  w ould  a l lo w  a  g r e a t e r  e n e rg y
sp re a d  i n  th e  e l e c t r o n  beam re a c h in g  th e  d e t e c to r  th a n  t h a t  i n  th e  
beam o f l i g h t  re a o h in g  th e  p h o to c e l l  s l i t  ( o r  p h o to g ra p h ic  p l a t e )  o f  
th e  u l t r a v i o l e t  s p e c to g ra p h . As a  r e s u l t ,  t h e  a p p a re n t  o v e r la p  o f  
t h e  tw o t r a n s i t i o n s  in v o lv e d  i s  in c r e a s e d  in  t h i s  w o rk , th u s  c a u s in g  
th e  maxima t o  o c c u r  c l o s e r  t o  one an o th e r*  I f  th e  r e s o l u t i o n  o f  t h e  
e l e c t r o n  s p e c tro m e te r  w ere  im proved  so t h a t  th e  o v e r la p  d e c re a s e d  by
0 .1 5  e v ,  t h e  two e x c i t a t i o n  p o t e n t i a l s  w ould  oo cu r a t  8*46 and ,9*31 
e l e c t r o n  v o l t s ,  w h ich  i s  i n  e x c e l l e n t  ag ree m en t w ith  th e  s p e c tr o s c o p ic  
v a lu e s*  I n  th e  o a se  o f  t h e  11*09 ev  p e a k , th e r e  w ere no a d ja c e n t  
o v e r la p p in g  p e a k s , and a s  a  r e s u l t ,  t h e  ag reem en t w i th  t h e  s p e c t r o ­
s c o p ic  v a lu e s  was e x c e l l e n t .
A v e ry  sm a ll p eak  i s  o b se rv e d  a t  1 1 .5 1  -  0 .0 6  e l e o t r o n  v o l t s *
T h is  i s  n o t  e v id e n t  i n  a l l  s ix  s p e c t r a ,  b u t  i s  a lm o s t c e r t a i n l y  a  r e a l  
p e a k . T h is  p e a k  i s  m en tio n ed  now here i n  th e  l i t e r a t u r e ,  a l th o u g h  i t  
a p p e a rs  i n  a  sp e c tru m  shown i n  a  p a p e r  by  In n ,  W atanabe, and  Z e l ik o f f
(2 9 ) ( c f . F ig .  3 i n  t h e i r  p a p e r ) r a t  a  wave le n g th  o f  a b o u t 1087 A 
(1 1 .4 0  e v ) .  T h e ir  s p e c tr o s c o p ic  v a lu e  i s  i n  f a i r l y  good ag reem en t 
w i th  th e  e l e o t r o n  im p ac t v a lu e ,  s in c e  i t  i s  a  d i f f i c u l t  e x c i t a t i o n  
p o t e n t i a l  t o  d e te rm in e  a c c u r a t e l y .
The e x c i t a t i o n  p o t e n t i a l  a t  12 .39  -  0 .0 3  v o l t s  i s  i n  good a g r e e ­
ment w ith  th e  i n t e n s e  band r e p o r te d  by P r ic e  and  Sim pson (27) a t  
1 2 .4 5  v o l t s  (995  A ) . The re m a in in g  e x o i t a t i o n  p o t e n t i a l s ,  found  a t
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13*57, 15*48, 16*26, 1 7 .1 7 ,  an d  17*83 v o l t s  have n o t b e e n  p r e v io u s ly  
r e p o r t e d ,  a t  l e a s t  i n  u l t r a v i o l e t  a b s o r p t io n .  H enning (2 5 ) i n v e s t i ­
g a te d  th e  r e g io n  fro m  13*77 t o  20*65 v o l t s  (900 -600  A) and  re o o rd e d  
num erous b a n d s , b u t  g iv e s  no i n d i c a t i o n  o f  t h e i r  r e l a t i v e  i n t e n s i t i e s .  
R udberg  (2 1 ) o b se rv e d  maxima a t  12*91 * 0*32 and 1 5 .8 7  -  0 .2 6  ev  
w h ich  c o r re s p o n d  v e ry  ro u g h ly  t o  v a lu e s  fo u n d  i n  t h i s  i n v e s t i g a t i o n .
I n  summary, i t  c a n  be  se e n  t h a t ,  a s  a w h o le , t h e  e x c i t a t i o n  
p o t e n t i a l s  o b s e rv e d  i n  t h i s  w ork a g re e  r a t h e r  f a v o ra b ly  w ith  th o s e  
r e c o rd e d  i n  t h e  l i t e r a t u r e .  I n  a d d i t i o n ,  s e v e r a l  e x c i t a t i o n  p o t e n t i a l s  
w h ich  have n o t  b e e n  h e r e t o f o r e  r e p o r te d  i n  t h e  l i t e r a t u r e  h av e  b e e n  
o b se rv e d  and  r e c o r d e d .
I n  S e c t io n  6 w i l l  be  fo u n d  a d d i t i o n a l  rem arks c o n o e rn in g  th e  
s p e c t r a  o f  c a rb o n  d io x id e  o b se rv e d  i n  t h i s  w o rk . A ls o , a  d is c u s s io n  
o f  th e  c o l l i s i o n  c r o s s  s e c t i o n s  and  g e n e r a l i s e d  o s c i l l a t o r  s t r e n g th s  
m easu red  d u r in g  th e  c o u rs e  o f  t h i s  i n v e s t i g a t i o n  w i l l  be g iv e n  t h e r e .
SECTION 6 
DISCUSSION OF EXPERIMENTAL RESULTS
6 .1  INTRODUCTION
D u rin g  t h e  c o u rs e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n ,  c o l l i s i o n  c r o s s  
s e c t i o n s  and  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h s  have b een  m easu red  f o r  
e i g h t  p eak s  i n  t h e  sp e c tru m  and a l s o  a t  n in e  a d d i t i o n a l  e x c i t a t i o n  
e n e r g ie s  i n  t h e  con tinuum * A d e t a i l e d  t h e o r e t i c a l  i n v e s t i g a t i o n  h a s  
b een  made f o r  o n ly  t h e  tw o lo w e s t e n e rg y  p eak s  and  h en ce  th e s e  two 
s t a t e s  w i l l  be em phasized  i n  t h i s  s e c t i o n  and  th e  one w h ich  fo llo w s  
i t .  One a d d i t i o n a l  p eak  h a s  b e e n  t e n t a t i v e l y  i d e n t i f i e d  w i th  a  s p e c i f i c  
e l e c t r o n i c  t r a n s i t i o n  and  i s  b r i e f l y  d i s c u s s e d .  No d e t a i l e d  s tu d y  h a s  
been  made o f  th e  re m a in in g  t r a n s i t i o n s  and h en ce  o n ly  a few  rem ark s  
c o n c e rn in g  t h e  g e n e r a l  b e h a v io r  o f  t h e  o s c i l l a t o r  s t r e n g t h s  i s  made in  
th e  fo l lo w in g  d i s c u s s io n .  S in c e ,  h ow ever, th e s e  d a t a  a r e  o f  i n t e r e s t  
i n  c o n n e c tio n  w i th  a  g e n e r a l  p ro g ram  o f  i n v e s t i g a t i o n  o f  a tm o sp h e r ic  
c o n s t i t u e n t s ,  th e  d a ta  a r e  g iv e n  i n  T a b le s  9 th ro u g h  14 , and  g ra p h s  
o f  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h s  a r e  shown i n  F ig u r e s  13 th ro u g h  1 5 . 
I t  i s  q u i t e  p o s s i b l e ,  and  ev en  l i k e l y ,  t h a t  th e s e  d a ta  w i l l  a l s o  p ro v e  
t o  b e  o f  v a lu e  i n  t h e  th e o r y  o f  m o le c u la r  s t r u c t u r e .  The p ro b lem  o f 
i n t e r p r e t i n g  th e  r e s u l t s  i s ,  how ever, a  oom plex one w h ich  m ust fo rm  
t h e  s u b je c t  o f  f u tu r e  r e s e a r c h e s .
6 .2  ENERGY SPECTRA
F ig u re s  7 th ro u g h  12 o o n ta in  t h e  e n e rg y  s p e c t r a  o f  c a rb o n  d io x id e
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a t  s i x  s c a t t e r i n g  a n g le s  betw een  0 °  and  7*9°* I t  w i l l  be o b se rv e d  
t h a t  t h e r e  i s  a  v e ry  d e c id e d  change i n  t h e  sp e c tru m  w i th  in c r e a s e  i n  
s c a t t e r i n g  a n g le .  The peak  o c c u r r in g  a t  1 5 .4 8  v o l t s  p ro v id e s  a  v e ry  
s t r i k i n g  exam ple o f  t h i s  c h an g e . I n  t h e  z e ro  a n g le  sp e c tru m  t h e r e  i s  
o n ly  t h e  s l i g h t e s t  s u g g e s t io n  o f  a  " s h o u ld e r"  a t  t h i s  v o l t a g e .  H owever, 
a t  3 .9 ° ,  t h e  s h o u ld e r  h a s  d ev e lo p e d  i n t o  a  sm a ll p e a k , a l th o u g h  i t  i s  
s t i l l  much l e s s  in t e n s e  th a n  e i t h e r  o f  i t s  n e ig h b o r in g  1 3 .5 7  and  16 .26  
v o l t  p e a k s .  As th e  s c a t t e r i n g  a n g le  i s  i n c r e a s e d ,  h ow ever, t h e  15 .48  
v o l t  p eak  becom es more and  more p ro m in e n t u n t i l  a t  7 .9 °  i t  i s  a s  
i n t e n s e  a s  t h e  1 3 .5 7  v o l t  p e a k , and i s  much more in t e n s e  th a n  t h e  1 6 .2 6  
v o l t  p e a k . T h is  b e h a v io r  i s  a  v e ry  i n t e r e s t i n g  on e , a l th o u g h  an i n t e r ­
p r e t a t i o n  o f  i t  i s  v i r t u a l l y  im p o s s ib le  due to  t h e  c o m p le x ity  o f  t h e  
ca rb o n  d io x id e  sp e c tru m  i n  t h i s  r e g io n .  The 1 5 .4 8  v o l t  p eak  i s  a lm o s t 
s u r e ly  a  c o m b in a tio n  o f  s e v e r a l  d i f f e r e n t  e l e c t r o n i c  e x c i t a t i o n s ,  and  
a s  su c h  w ould  be e x tre m e ly  d i f f i c u l t  t o  a n a ly z e ,  even  u n d e r v e ry  h ig h  
r e s o l u t i o n .
An i n s p e c t io n  o f  f i v e  o f  t h e  s i x  e n e rg y  s p e c t r a  shows o n ly  one 
p e a k  i n  t h e  v i c i n i t y  o f 9 v o l t s .  H ow ever, t h e  z e ro  a n g le  sp e c tru m  
s u g g e s ts  t h a t  t h i s  r e g io n  i s  n o t a s  s im p le  a s  i n i t i a l l y  su p p o se d . A 
v e ry  c a r e f u l  i n v e s t i g a t i o n  o f  t h i s  r e g io n  was c o n d u c te d , and i t  was 
p o s s ib le  t o  r e s o lv e  i t  i n t o  two s e p a r a te  p e a k s— one w i th  maximum a t  
8 .6 1 ^  0 .0 6  e v ,  and  th e  o th e r  w i th  maximum a t  9 .1 6  i  0 .0 6  e v .  F ig u re  
16 c o n ta in s  one o f t h e  s p e c t r a  o b ta in e d  i n  a c h ie v in g  t h i s  r e s o l u t i o n .  
The f a o t  t h a t  tw o d i s t i n c t  p eak s  a r e  r e s o lv e d  a t  z e ro  s c a t t e r i n g  a n g le  
s u g g e s ts  t h a t  tw o e l e c t r o n i c  t r a n s i t i o n s  a r e  in v o lv e d — n o t o n ly  a t  z e ro  
s c a t t e r i n g  a n g le  b u t  a l s o  a t  o th e r  a n g le s  a l th o u g h  r e s o l u t i o n  i s  n o t 
s u f f i c i e n t  t o  d i s t i n g u i s h  betw een  them  a t  th e s e  l a r g e r  a n g le s .
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A r a t h e r  co m p le te  co m p ariso n  o f  t h e  o b se rv ed  e x c i t a t i o n  p o te n ­
t i a l s  o f  c a rb o n  d io x id e  o b ta in e d  i n  t h i s  w ork  w ith  th o s e  o b ta in e d  by  
s p e c tro s o o p ic  m ethods r e c o rd e d  i n  t h e  l i t e r a t u r e  w as p r e s e n te d  a t  th e  
end  o f  S e c t io n  5 and w i l l  n o t  b e  r e p e a te d  h e r e .  R a th e r ,  an  a t te m p t 
w i l l  b e  made i n  S e c t io n s  6 .4  th ro u g h  6 .6  t o  c o r r e l a t e  s e v e r a l  o f  t h e  
o b se rv e d  e n e rg y  p eak s  i n  t h e  s p e c t r a  w ith  e l e c t r o n i c  t r a n s i t i o n s  w hich 
may be t a k in g  p la c e  i n  th e  m o le c u le . The g e n e r a l iz e d  o s c i l l a t o r  
s t r e n g t h s  t a b u la t e d  and p l o t t e d  i n  S e c t io n  5 a r e  o f  c o n s id e r a b le  v a lu e  
f o r  t h i s  p u rp o s e .
6 .3  GENERALIZED OSCILLATOR STRENGTHS
6 .3 .1  F i n i t e  T r a n s i t io n s  Above Ten V o l ts
F ig u re  13 c o n ta in s  p l o t s  o f  t h e  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h s
a g a i n s t  f o r  th e  a l l  d i s c r e t e  t r a n s i t i o n s  w h ich  have b e e n  m easured
e x c e p t t h e  8 .6 1  and 9 .1 6  v o l t  t r a n s i t i o n s .  I t  w i l l  be o b se rv e d  t h a t
t h e  c u rv e s  a l l  have one th i n g  i n  common; nam ely , t h a t  th e y  a l l  s t a r t
a t ,A P ^  = 0 w ith  a  l a r g e  n e g a t iv e  s lo p e  w hich  g r a d u a l ly  a p p ro a c h e s  z e ro  
A. 2s lo p e  asAA P in c r e a s e s .  H ow ever, i t  i s  im p o r ta n t  t o  n o te  h e r e  t h a t  th e  
r a t e s  a t  w h ich  th e  n e g a t iv e  s lo p e s  a p p ro a c h  z e ro  s lo p e  d i f f e r  q u i t e  
s h a r p ly  from  p eak  t o  p e a k , and i t  i s  t h i s  r a t e  o f  change w h ich  c h a r a c ­
t e r i z e s  t h e  p e a k s  a s  a r i s i n g  from  la r g e  o r  sm a ll e l e c t r i c  d ip o l e ,  
q u a d u p o le , o c tu p o le ,  e t c . ,  m om ents. I n  t h i s  c o n n e c tio n ,  t h e  15 .48  
v o l t  p eak  ■which w as d e s c r ib e d  i n  S e c t io n  6 .2  a g a in  p ro v id e s  a n  i n t e r ­
e s t i n g  ex am p le . I t  w i l l  be r e c a l l e d  t h a t  t h i s  peak  d e c re a s e d  w ith  
s c a t t e r i n g  a n g le  a t  a  much s m a l le r  r a t e  th a n  d id  any  o f  th e  o th e r  p eak s  
i n  t h e  sp e c tru m . T h is  b e h a v io r  i s  r e f l e c t e d  i n  F ig u re  13 w h ere  a t
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Ap2 * o. th e  15*48 v o l t  p eak  h a s  t h e  s m a l l e s t  o s e i l l & t o r  s t r e n g t h ,  
b u t  t h e  r a t e  a t  w h ich  th e  n e g a t iv e  s lo p e  a p p ro a c h e s  z e ro  s lo p e  a s  
A P 2 in c r e a s e s  i s  much l e s s  th a n  t h a t  f o r  a n y  o t h e r  p e a k ,  an d  a t  
A P 2 = 1*0 , t h e  15*48 v o l t  p e a k  h a s  a  g r e a t e r  o s c i l l a t o r  s t r e n g t h  
th a n  any  o th e r  p e a k . From t h e  t h e o r y  a s  g iv e n  i n  S e c t io n  1 , t h i s  s m a l l  
r a t e  o f  change  o f  s lo p e  i n d i c a t e s  t h a t  t h e  t r a n s i t i o n  ( o r  t r a n s i t i o n s )  
g iv in g  r i s e  t o  15*48 v o l t  p eak  h a s  a  l a r g e  m a t r ix  e le m e n t o f  e l e c t r i c  
d ip o le  moment, b u t  v e ry  s m a ll  m a t r ix  e le m e n ts  o f  e l e c t r i c  q u a d ru p o le  
and  o c tu p o le  moments* T h is  f a c t  w o u ld  u n d o u b te d ly  be  o f  a s s i s t a n c e  
i n  an  i n t e r p r e t a t i o n  o f  t h i s  p e a k  i f  c e r t a i n  o t h e r  p e r t i n e n t  d a t a  w e re  
a v a i l a b l e .  I t  m ig h t be added  t h a t  S ilv e rm a n  ( 9 )  o b s e rv e d  t h e  o p p o s i t e  
phenom enon i n  th e  1 1 .4 1  v o l t  p e a k  i n  o a rb o n  m onoxide* T h a t i s ,  t h e
1 1 .4 1  v o l t  p e a k  i n  c a rb o n  m onoxide c h a n g e s  much m ore r a p i d l y  w i th  i n ­
c r e a s in g  s c a t t e r i n g  a n g le  and  hen o e  A p 2 t h a n  d id  an y  o th e r  p e a k  i n  
t h e  sp e c tru m , and h e n c e  th e  o s c i l l a t o r  s t r e n g t h  h ad  a  r a t e  o f  ch an g e  
g r e a t e r  th a n  any  o th e r  p eak  i n  t h e  o a rb o n  m onoxide sp ec tru m *  T h u s , 
t h e  t r a n s i t i o n  a s s o c i a t e d  w i th  i t  a r i s e s  fro m  la r g e  m a t r ix  e le m e n ts  o f  
e l e c t r i c  d ip o le  m om ent, q u a d ru p o le  moment an d  o c tu p o le  moment* T h e se  
c o n s id e r a t io n s  may p ro v e  t o  b e  o f  i n t e r e s t  i n  f u t u r e  w ork  w h e re  t h e  
t h e o r y  i s  f u r t h e r  d e v e lo p e d .
6 « 3 .2  F i n i t e  T r a n s i t i o n s  Below  Ten V o l ts
F ig u re  14 o o n ta in s  p l o t s  o f  t h e  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h s
O
a g a i n s t  A P  f o r  t h e  8 .6 1  and  9 .1 6  v o l t  t r a n s i t i o n s .  I t  w i l l  b e  
im m e d ia te ly  n o te d  t h a t  t h e s e  two t r a n s i t i o n s  a r e  q u i t e  d i f f e r e n t  f ro m  
th o s e  d is c u s s e d  i n  t h e  p r e v io u s  s e c t i o n .  W hereas th e  s lo p e  o f  t h e  f  
v e r s u s  A P 2 c u rv e  w as a lw ay s n e g a t iv e  i n  t h e  p r e v io u s  c a s e s ,  i n  t h i s
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2 2c a se  th e  cu rv e  i n i t i a l l y  h a s  p o s i t i v e  s lo p e  a t  A P  c  0 .  A s / ^ P  i n ­
c r e a s e s ,  t h e  p o s i t i v e  s lo p e  d e c r e a s e s  t o  z e r o ,  becom es n e g a t iv e ,  and  
th e n  re a p p ro a c h e s  z e ro  a g a in .  I f  t h e  t r a n s i t i o n s  w ere  fo rb id d e n  
(S ee  S e c . 6 ,4 2 )  t h e  c u rv e s  w ould  have  e x t r a p o la t e d  t o  f  * 0  a t  A .p 2  * o .  
H ow ever, su ch  i s  n o t  t h e  c a s e ,  f o r  a l th o u g h  th e  e x t r a p o la t i o n s  in v o lv e d  
a r e  d i f f i c u l t ,  due t o  th e  r a p id  ohange o f  s lo p e  i n  t h a t  r e g io n ,  i t  i s  
p r a c t i c a l l y  a  c e r t a i n t y  t h a t  t h e  c u rv e s  m ust be  e x t r a p o la t e d  t o  a 
f i n i t e  v a lu e  o f  f 0p t  f ° r  b o th  t r a n s i t i o n s .  F ig u re  17 shows th e s e  two 
c u rv e s  w ith  t h e  sm oothed e x p e r im e n ta l  p o in t s  in c lu d e d  i n  th e  f i g u r e .
The e x t r a p o l a t i o n s  a r e  made u s in g  New ton1s e x t r a p o l a t i o n  fo rm u la  and 
a r e  c l e a r l y  in d i c a t e d  on th e  f i g u r e .  I t  i s  n e c e s s a r y  t o  ad m it a  la r g e  
u n c e r t a i n t y  i n  b o th  e x t r a p o l a t i o n s ,  b u t  t h e  im p o r ta n t  p o in t  i s  th e  
f a c t  t h a t  n e i t h e r  c u rv e  e x t r a p o l a t e s  t o  f 0p t  * 0* T b is  f a o t  w i l l  be o f  
u tm o s t im p o r ta n c e  i n  t h e  i n t e r p r e t a t i o n  o f  th e s e  tw o t r a n s i t i o n s  i n  
t h i s  s e c t i o n  and  th e  n e x t o n e .
From t h e  sh a p e s  o f  t h e  c u rv e s  i n  F ig u re s  14 and 17 , i t  w ould seem 
l o g i c a l  t h a t  b o th  t h e  8 .6 1  and  9 .1 6  v o l t  p eak s  be a s s o c ia t e d  w ith  
s i m i l a r  t r a n s i t i o n s .  T h is  p o in t  w i l l  be o f  g r e a t  im p o r ta n c e  i n  S e c t io n  
6 .4 5 .  One m ig h t p o s tu l a t e  t h a t  f o r  b o th  t r a n s i t i o n s ,  t h e  m a tr ix  elem ent 
o f  e l e c t r i c  d ip o le  moment i s  v e ry  s m a l l .
6 .3 .3  The Continuum
F ig u re  15 c o n ta in s  p l o t s  o f  t h e  g e n e r a l iz e d  o s c i l l a t o r  s t r e n g t h  
a g a i n s t  A P^ f o r  a l l  p o in t s  i n  th e  con tinuum  w h ich  w ere m easu red .
T here  i s  l i t t l e  comment t o  be  made on t h i s  e x c e p t t o  c a l l  a t t e n t i o n  
t o  t h e  f a o t  t h a t  t h e  f a r t h e r  one goes o u t i n t o  th e  co n tin u u m , t h e  l e s s  
s h a r p ly  th e  s lo p e  c h a n g e s . T h ere  i s  u n d o u b te d ly  a  v e ry  i n t e r e s t i n g
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e x p la n a t io n  f o r  t h i s  b e h a v io r ,  b u t  l i t t l e  w ork h a s  been  done on i t  
th u s  f a r  i n  t h i s  l a b o r a to r y .
6 .4  THE NIKE VOLT REGION
6 .4 .1  I n t r o d u c t io n
I t  h a s  b een  e s t a b l i s h e d  b o th  i n  th e  l i t e r a t u r e  by  s p e o tro s o o p ic  
m ethods (2 8 ) (2 9 )  and  i n  t h i s  w ork b y  e l e c t r o n  im pact m ethods t h a t  th e  
r e g io n  i n  t h e  v i c i n i t y  o f 9 v o l t s  i n  th e  c a rb o n  d io x id e  speo tru m  con­
s i s t s  o f  two s e p a r a te  p eak s  and  hence  (m ost p ro b a b ly )  two s e p a r a te  
t r a n s i t i o n s .  T hese  tw o p eak s  have been  fou n d  i n  t h i s  w ork t o  o c c u r  
a t  8 .6 1  and 9 .1 6  v o l t s .  M u llik e n  (1 0 ) (3 3 )  an d  W alsh (3 4 ) w ere b o th  
aw are o f  t h e  e x i s t e n c e  o f  th e s e  two p e a k s , a l th o u g h  th e y  i n t e r p r e t e d  
them  i n  d i f f e r e n t  w ay s. F ig u re  4 i n  S e c t io n  4 g iv e s  a  g ra p h ic  summary 
o f  t h e i r  r e s p e c t iv e  i n t e r p r e t a t i o n s ,  w h ich  w i l l  be d is c u s s e d  s h o r t l y .
T h is  i n v e s t i g a t i o n  h a s  shed  some a d d i t i o n a l  l i g h t  on t h e  p r o p e r ­
t i e s  o f  th e s e  tw o p eak s  ( s e e  S e c . 6 .3 2 )  and a s  a  r e s u l t ,  an  i n t e r p r e t a ­
t i o n  o f  th em  h a s  b een  g iv e n  w h ich  d i f f e r s  from  t h a t  o f  e i t h e r  M u llik en  
o r  W alsh . N e v e r th e le s s ,  t h i s  new i n t e r p r e t a t i o n  i s  b e l ie v e d  to  be 
c o r r e c t  a s  l a t e r  a rg u m e n ts  w i l l  p o in t  o u t .
6 .4 .2  N a tu re  o f  t h e  N ine V o lt  R eg ion
B ecause o f  t h e i r  v e ry  low i n t e n s i t y ,  t h e  8 .6 1  and 9 .1 6  v o l t  p eak s  
i n  t h e  o a rb o n  d io x id e  sp e c tru m  have u s u a l ly  b e e n  r e f e r r e d  t o  i n  t h e  
l i t e r a t u r e  a s  b e lo n g in g  t o  ’’fo rb id d e n  t r a n s i t i o n s ” ( 1 0 ) (2 7 ) (2 8 ) (2 9 )
(3 0 ) (3 1 ) (3 4 )  a n d , up u n t i l  now, i t  h a s  b een  a c c e p te d  t h a t  such  i s  th e  
c a s e .  However, th e  te rm s  " fo rb id d e n ” and  "a llo w e d "  a r e  a s s o c ia t e d
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■with much c o n fu s io n  i n  t h e  l i t e r a t u r e .  D i f f e r e n t  w o rk e rs  a t t a c h  
d i f f e r e n t  m eanings t o  th e s e  tw o te rm s ,  and  i t  i s  ev en  p o s s i b le  t h a t  a  
p a r t i c u l a r  t r a n s i t i o n  w i l l  be ’'f o r b id d e n ’1 by  th e  d e f i n i t i o n  o f  one 
w o rk e r , b u t  "a llo w e d "  b y  th e  d e f i n i t i o n  o f  a n o th e r .  I n  S e c t io n  1 , th e  
d e f i n i t i o n  w hich  w i l l  be a d h e re d  t o  th ro u g h o u t t h i s  t h e s i s  was g iv e n ,  
and  i t  i s  b e l ie v e d  t o  be a  m ost fu n d a m e n ta l o n e . We h av e  d e f in e d  an 
a llo w e d  t r a n s i t i o n  a s  one f o r  w h ich  t h e  m a tr ix  e lem en t o f  e l e c t r i c  d ip o l e  
moment d o es  n o t v a n is h  ( i . e .  th e  o p t i c a l  o s c i l l a t o r  s t r e n g t h  i s  n o n -z e ro )  
and  a  fo rb id d e n  t r a n s i t i o n  a s  one f o r  w h ich  th e  m a tr ix  e le m e n t o f  
e l e c t r i c  d ip o le  moment v a n is h e s  ( i . e .  t h e  o p t i o a l  o s c i l l a t o r  s t r e n g t h  
i s  z e r o ) .  I t  i s  hoped t h a t  by  a d h e r in g  t o  th e s e  d e f i n i t i o n s ,  any 
p o s s ib le  c o n fu s io n  w i l l  be e l im in a te d .
The e l e c t r o n  im pao t p ro c e s s  i s  o f  su c h  a  n a tu r e  t h a t  i t  p e r m i t s ,  
i n  p r i n c i p l e  a t  l e a s t ,  a  d e f i n i t e  d e c i s io n  a s  t o  w h e th e r  a  p a r t i c u l a r  
t r a n s i t i o n  i s  f o rb id d e n  o r a llo w e d  (S ee  S e c . l ) . T h is  i s  a  d e c id e d  
im provem ent on s p e c t r o s c o p ic  m ethods a s  h a s  b een  p r e v io u s ly  p o in te d  
o u t i n  S e c t io n  1 . I t  seems t o  be  o f  c o n s id e r a b le  i n t e r e s t  t o  a p p ly  
th e  m ethod o f  e l e c t r o n  im p ac t t o  a  s tu d y  o f  t h e  9 v o l t  r e g io n  i n  th e  
sp e c tru m  o f  ca rb o n  d io x id e  w i th  th e  p u rp o se  o f  e i t h e r  c o n f irm in g  o r  d i s ­
p ro v in g  th e  p re v io u s  t h e o r i e s  c o n c e rn in g  th e  n a tu r e  o f  t h e  t r a n s i t i o n s .
S e c t io n  6 .3 .2  e s t a b l i s h e d  th e  f a c t  t h a t  th e  o p t i c a l  o s c i l l a t o r  
s t r e n g t h s  o f  b o th  th e  8 .6 1  and  9 .1 6  v o l t  p eak s  a r e  n o n -z e ro .  S in ce  
f 0p t  = Z w J^ ll^  w here i s  th e  m a tr ix  e le m e n t o f  e l e c t r i c  d ip o le  mo­
m en t, i t  i s  ob v io u s t h a t  /  0 .  T hus, by  th e  above d e f i n i t i o n ,  b o th  
p e a k s  b e lo n g  t o  allow ed t r a n s i t i o n s ,  r e g a r d l e s s  o f  t h e  f a c t  t h a t  th e y  
have v e ry  s m a ll  i n t e n s i t i e s .
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I t  sh o u ld  be n o te d , how ev er, t h a t  th e  above d e f i n i t i o n  o f  a l lo w e d  
and  fo rb id d e n  t r a n s i t i o n s  sa y s  n o th in g  c o n c e rn in g  th e  m a g n e tic  moments 
o r  h ig h e r  e l e c t r i c  moments* I t  i s  b a sed  e n t i r e l y  on t h e  e l e c t r i c  d i ­
p o le  moment and a s  su ch  can  be t r e a t e d  i n  e x a c t  te rm s  th ro u g h  th e  e l e c ­
t r o n  im p ao t p ro c e s s*
6 * 4 .3  N o n - l in e a r i t y  o f  an  E x c i te d  S t a t e  o f  Carbon D io x id e
I t  h a s  a l s o  become f a i r l y  w e l l  e s t a b l i s h e d  i n  t h e  l i t e r a t u r e  
t h a t  th e  e x o i te d  s t a t e  c o n f ig u r a t io n  o f  t h e  lo w e s t e n e rg y  t r a n s i t i o n s  
i n  o a rb o n  d io x id e  i s  n o n - l i n e a r  ( 1 0 ) ( 3 1 ) ( 3 4 ) • S t a t i n g  t h i s  i n  more 
e x a c t  te rm s ,  t h e  lo w e s t e n e rg y  t r a n s i t i o n s  ta k e  p la c e  b e tw een  th e  
g round  s t a t e  o f  c a rb o n  d io x id e ,  w h ich  h as  DqqJj sym m etry , and  an  e x o i te d  
s t a t e  o f  c a rb o n  d io x id e ,  w h ich  h a s  C2 V sym m etry, i . e .  t h e  n u c l e i  i n  
t h e i r  e q u i l ib r iu m  p o s i t i o n s  i n  t h e  e x c i t e d  s t a t e  fo rm  a  f i g u r e  w i th  
symmetry Cg^.* B o th  M u llik e n  and  W alsh have u sed  th e  n o n - l i n e a r i t y  o f  
t h e  e x c i te d  s t a t e  c o n f ig u r a t io n  a s  t h e  e x p la n a t io n  o f  why th e  low 
e n e rg y  p eak s  i n  o a rb o n  d io x id e  a p p e a r  even  w ith  low i n t e n s i t y  -vdien 
su p p o se d ly  th e s e  p eak s  b e lo n g  t o  fo rb id d e n  t r a n s i t i o n s  (S e e  F ig .  4 ) .
The e x p e r im e n ta l  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  on th e  tw o p eak s  w i l l  
n o t  a f f e c t  t h i s  h y p o th e s is  on n o n - l i n e a r i t y  o f  t h e  e x c i t e d  s t a t e .  I n  
f a c t ,  t o g e th e r  w ith  t h i s  h y p o th e s i s ,  th e y  w i l l  g r e a t l y  a i d  i n  an  i n ­
t o  r p r e t a t i o n  o f  t h e  9 v o l t  r e g io n .
6 .4 .4  D is c u s s io n  o f  M u llik e n ’ s and  W alsh ’ s A ssig n m en ts  o f  O bserved
P eak s  t o  T r a n s i t io n s  i n  t h e  N ine V o lt  R eg ion  o f  C arbon D io x id e  
I n  S e c t io n  4 , t h e r e  was g iv e n  a  summary o f  M u ll ik e n ’ s an d  W alsh ’ s 
a s s ig n m e n ts  o f  o b se rv e d  p eak s  t o  t r a n s i t i o n s  i n  t h e  9 v o l t  r e g io n  o f
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t h e  c a rb o n  d io x id e  sp e o tru m . T h e i r  r e s p e c t i v e  i n t e r p r e t a t i o n s  o f  t h i s  
r e g io n  d i f f e r  c o n s id e r a b ly .  The b a s i s  u n d e r ly in g  t h i s  d i f f e r e n c e  i s  
t h e  f a c t  t h a t  M u llik e n  p la c e s  th e  27TU m o le c u la r  o r b i t a l  h ig iher th a n  
th e  3 6- m o le c u la r  o r b i t a l  i n  th e  e n e rg y  s c a l e ,  w h i le  W alsh r e v e r s e s
O  '
t h i s  o rd e r  (S ee  F ig .  4 ) .  As a  r e s u l t ,  t h e  lo w e s t ly i n g  e n e rg y  l e v e l s  
a r e  d i f f e r e n t ,  d ep en d in g  upon w h ich  m o le c u la r  o r b i t a l  scheme i s  b e in g  
u s e d .  T h is ,  i n  t u r n ,  w i l l  have a  b e a r in g  upon th e  a ss ig n m e n t o f  ob­
se rv e d  p eak s  i n  th e  sp e c tru m  t o  t r a n s i t i o n s ,  an d  i s  t h e  r e a s o n  why 
M u l l ik e n 's  and  W alsh 1s a s s ig n e m tn s  d i f f e r .
M u llik e n  a s s ig n s  t h e  lo w e s t e n e rg y  a b s o r p t io n  i n  t h e  ca rb o n  
d io x id e  sp e c tru m  t o  t h e  m o le c u la r  o r b i t a l  t r a n s i t i o n  lrTg—— ►Stfg.
The r e s u l t i n g  e n e rg y  s t a t e  i s  T t  b u t  t h e  g round  s t a t e  o f  ca rbon  
d io x id e  i s  a a * th u s  t h i s  p a r t i c u l a r  t r a n s i t i o n  w ould  be f o r ­
b id d e n , s in c e  g ^ -^ g  t r a n s i t i o n s  a r e  f o r b id d e n  by th e  e l e c t r o n i c  s e l e c ­
t i o n  r u l e s .  H ow ever, i f  t h e  e x c i t e d  s t a t e  i s  n o n - l i n e a r ,  t h e  d o u b ly  
d e g e n e ra te  s t a t e  w i l l  s p l i t  i n t o  t h e  ^Ag and ^Bg e n e rg y  s t a t e s  o f
th e  Cgv  symmetry p o in t  g ro u p . M u llik e n  d id  n o t  d e f i n i t e l y  s t a t e  
w h ich  o f  t h e s e  tw o e n e rg y  s t a t e s  i s  t h e  e x o i te d  s t a t e  f o r  th e  lo w e s t 
e n e rg y  a b s o r p t io n .  H ow ever, i n  a  g e n e r a l  t r e a tm e n t  o f  t h i s  s i t u a t i o n ,  
he d e r iv e d  th e  s e l e c t i o n  r u l e s  f o r  b o th  t r a n s i t i o n s  f in d i n g  t h a t  t h e  
■^B g t r a n s i t i o n  i s  e l e c t r o n i c a l l y  a l lo w e d , w h ile  t h e
1 + 1
  -»  Ag t r a n s i t i o n  i s  e l e c t r o n i c a l l y  fo rb id d e n  ( 3 3 ) ,  and  p r e ­
sum ably t h i s  w ould  cau se  t h e  fo rm e r  t r a n s i t i o n  t o  be  o b se rv e d  and  th e  
l a t t e r  one t o  be a b s e n t  from  t h e  sp e c tru m . I n  t h e  c o u rs e  o f  a  t h e o r e t i ­
c a l  s tu d y  o f  t h e  s e l e c t i o n  r u l e s  f o r  th e s e  t r a n s i t i o n s ,  a  d i f f e r e n t
X g
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r e s u l t  h a s  been  o b ta in e d ,  i . e .  b o th  t r a n s i t i o n s  a r e  fo u n d  t o  be 
e l e c t r o n i c a l l y  a l lo w e d . T hese r e s u l t s  a re  d e s c r ib e d  i n  d e t a i l  i n  
S e o tio n  7 .
The second  lo w e s t a b s o r p t io n  p eak  i n  th e  c a rb o n  d io x id e  sp ec tru m  
was a s s ig n e d  b y  M u llik en  (1 0 ) (3 1 )  t o  t h e  m o le c u la r  o r b i t a l  t r a n s i t i o n
lT I  * 2 rV  T h is  t r a n s i t i o n  w i l l  g iv e  r i s e  t o  a  number o f  e n e rg y
s t a t e s ,  how ever, and M u llik e n  h a s  n o t  s t a t e d  d e f i n i t e l y  w hich  e x c i te d  
s t a t e  i s  in v o lv e d .
As was s t a t e d  ab o v e , W a ls h 's  m o le c u la r  o r b i t a l  soheme d i f f e r s  
from  M u l l ik e n 's  i n  t h a t  t h e  211  ^ m o le c u la r  o r b i t a l  i s  ta k e n  a s  t h e  lo w e s t 
e x c i te d  s t a t e  m o le c u la r  o r b i t a l .  W alsh a s s ig n s  b o th  t h e  lo w e s t and 
second  lo w e s t p eak s  i n  t h e  c a rb o n  d io x id e  sp e c tru m  t o  th e  m o le c u la r  
o r b i t a l  t r a n s i t i o n  lTTg— T h is  t r a n s i t i o n  g iv e s  r i s e —- f o r  th e
l i n e a r  u p p er s t a t e —t o  t h r e e  s i n g l e t  e n e rg y  s t a t e s  j 1A U. r „ -
( i t  a l s o  g iv e s  r i s e  t o  t h e  c o r re s p o n d in g  t h r e e  t r i p l e t ^ s t a t e s ,  b u t 
we a r e  n o t  h e re  co n c e rn e d  w i th  th e  t r i p l e t s . )  I f  th e  u p p er s t a t e  i s  
n o n - l i n e a r  (an d  W alsh assum es t h a t  t h i s  i s  t h e  c a s e )  th e n  th e  d o u b ly  
d e g e n e ra te  s t a t e  w i l l  s p l i t  i n t o  th e  two s t a t e s  ^Ag an d  ^Bg. I t
w i l l  be  n o te d  t h a t  t h e s e  b e lo n g  t o  th e  same i r r e d u c i b l e  r e p r e s e n t a t i o n s
o f  C a s  th o s e  d e r iv e d  fro m  t h e  V"T s t a t e .  The s t a t e  w i l l  go2v 1 'g
1 1 -  ^ o v e r  i n t o  t h e  Bg s t a t e  and  t h e  s t a t e  w i l l  go o v e r  i n t o  th e  Ag
s t a t e .  W alsh th u s  a s s ig n s  th e  lo w e s t e n e rg y  peak  t o  th e  t r a n s i t i o n
1\  — -------------> K ( c o r r e l a t i n g  w i th  )
— 3 *  u
w here th e  u p p e r  s t a t e  i s  " s t r o n g ly  b e n t " ,  and  th e  seco n d  lo w e s t e n e rg y  
p eak  t o  t h e  t r a n s i t i o n
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■> ( c o r r e l a t i n g  w i th  ^Y"*)
2. / - u
w here t h e  u p p e r  s t a t e  i s  " s l i g h t l y  b e n t " .  I n  a d d i t i o n ,  W alsh  a s s ig n s  
t h e  t h r e e  weak bands w hioh  W ilk in so n  and  Jo h n s to n  (2 8 )  r e p o r t  a t  1690, 
1673, and 1662 A t o  t h e  t r a n s i t i o n
H ow ever, r e c e n t  w ork (2 9 ) h a s  e s t a b l i s h e d  t h a t  th e s e  t h r e e  b an d s  a r e  a  
p a r t  o f  t h e  1475 A sy s te m , and  th u s  o an n o t be a s s ig n e d  t o  a  s e p a r a te  
t r a n s i t i o n *
6 .4 .5  A ssignm ent o f  t h e  8 .6 1  and  9 .1 6  V o lt  P eak s  t o  T r a n s i t i o n s
B efo re  any  a c t u a l  a s s ig n m e n ts  o f  o b se rv e d  e n e rg y  p eak s  t o  t r a n s i ­
t i o n s  may be  m ade, i t  i s  n e c e s s a r y  t o  choose a  p a r t i c u l a r  m o le c u la r  
o r b i t a l  scheme f o r  t h e  c a rb o n  d io x id e  m o le c u le .  Two d i f f e r e n t  schem es 
have b een  d e s c r ib e d  h e r e  w h ich  d i f f e r  i n  a  s m a l l ,  b u t  im p o r ta n t ,  way 
from  one a n o th e r .  T h is  s e c t i o n  w i l l  p r e s e n t  an  e v a lu a t io n  o f  o b s e rv a ­
t i o n s  made i n  t h i s  w ork w h ich  w i l l  le a d  t o  a  p a r t i c u l a r  c h o ic e  o f  one 
o f  t h e  c o n f l i c t i n g  schem es.
The e x p e r im e n ta l  r e s u l t s  o f  t h e  p r e s e n t  r e s e a r c h  have shown t h a t  H- 
t h e  tw o lo w e s t e n e rg y  p e a k s  i n  t h e  c a rb o n  d io x id e  sp e c tru m  ( i . e . ,  th e
8 .6 1  and  9 .1 6  ev  p e a k s )  b e lo n g  to  a llo w e d  t r a n s i t i o n s  and  a r e  o f  v e ry  
sm a ll i n t e n s i t y .  I n  a d d i t i o n ,  F ig u re  14 shows t h a t  t h e  d i f f e r e n t i a l  
o s c i l l a t o r  s t r e n g t h s  f o r  b o th  th e  8 .6 1  an d  9 .1 6  ev  p e a k s  v a ry  w ith  
A  P2 i n  a  v e ry  s i m i l a r  m anner. T h is  w ould i n d i c a t e  t h a t  t h e  tw o p e a k s
( c o r r e l a t i n g  w i th  ~*~A.U)
a r i s e  from  v e ry  s i m i l a r  t r a n s i t i o n s ,  s in c e  th e  o s c i l l a t o r  s t r e n g t h  o f  
a  t r a n s i t i o n  i s  d i r e c t l y  r e l a t e d  t o  t h e  g round  and e x c i t e d  s t a t e  wave 
f u n c t io n s  f o r  t h a t  p a r t i c u l a r  t r a n s i t i o n .  T hese  tw o e x p e r im e n ta l ly  
o b se rv e d  f a c t s  have an  im p o r ta n t  b e a r in g  on t h e  a s s ig n m e n t o f  th e  tw o 
p e a k s  t o  t r a n s i t i o n s ,  f o r  any  a s s ig n m e n t w h ich  i s  made m ust be i n  
ao c o rd  w i th  th e m .
I n  v iew  o f  t h e  o b s e r v a t io n s  made i n  t h i s  w ork , i t  becom es imme­
d i a t e l y  o b v io u s  t h a t  n e i t h e r  M u l l ik e n 's  n o r  W a ls h 's  a s s ig n m e n t o f  
o b se rv e d  p e a k s  t o  t r a n s i t i o n s  a s  o u t l in e d  i n  F ig u re  4 i s  c o r r e c t .
I t  i s  d i f f i c u l t  t o  u n d e r s ta n d  th e  r e a s o n in g  in v o lv e d  i n  W a ls h 's  a s s ig n ­
m ent o f  t h e  second  lo w e s t e n e rg y  p e a k  ( 9 .1 6  ev ) t o  th e  t r a n s i t i o n
i s  a llo w e d  b y  t h e  e l e c t r o n i c  s e l e c t i o n  r u l e s  and th u s  one sh o u ld  r i g h t -
t h a t  a l th o u g h  th e  9 .1 6  e v  t r a n s i t i o n  i s  a l lo w e d , i t  i s  o f  v e ry  low 
i n t e n s i t y .  T h is  i s  n o t  c o m p a tib le  w i th  t h e  e x p e c te d  b e h a v io r  o f  th e  
ty p e  t r a n s i t i o n  t o  w h ich  W alsh a s s ig n s  t h e  9 .1 6  ev  p e a k , and  th u s  we 
m ust c o n c lu d e  t h a t  t h i s  a s s ig n m e n t i s  i n c o r r e c t .  On t h e  o th e r  h an d , 
M u llik e n  h a s  a s s ig n e d  th e  t h r e e  lo w e s t e n e rg y  p eak s  ( 8 .6 1 ,  9 .1 6 ,  and
1 1 .0 9  ev ) i n  th e  c a rb o n  d io x id e  sp e c tru m  t o  t h r e e  d i f f e r e n t  m o le c u la r  
o r b i t a l  t r a n s i t i o n s .  T h is  does n o t  seem  t o  b e  c o r r e c t  ev en  on an  
i n t u i t i v e  b a s i s .  H ow ever, i n  a d d i t i o n ,  s in c e  th e  8 .6 1  and  9 .1 6  ev  
t r a n s i t i o n s  a r e  so  v e ry  s i m i l a r ,  i t  w ould  n o t be l o g i c a l  t o  a s s ig n  them
Z
( c o r r e l a t i n g  w i th  )
w here  t h e  u p p e r  s t a t e  i s  ” s l i g h t l y  b e n t " .
f u l l y  e x p e c t  a  t;
c o r r e l a t e s  w ith
from  th e  ^
> t o  be a llo w e d  andu  i n t e n s e .  H owever, i t  i s  o b se rv e d
ground  s t a t e  to  a  s t a t e  w hich
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t o  d i f f e r e n t  m o le c u la r  o r b i t a l  t r a n s i t i o n s .
S in o e  th e  8 .6 1  and 9 .1 6  e v  p eak s  a r e  so  s i m i l a r ,  th e y  sh o u ld  h e  
a s s ig n e d  t o  tw o t r a n s i t i o n s  w h ich  o c c u r  b e tw een  t h e  g round  s t a t e  and  
tw o v e ry  s im i l a r  e x c i te d  s t a t e s .  Two c a s e s  a r i s e  i n  w hich  t h i s  r e ­
q u ire m e n t w ould be s a t i s f i e d .  I n  M u llik e n * s  m o le c u la r  o r b i t a l  schem e,
l r — + 1 1
th e  t r a n s i t i o n  b e tw ee n  t h e  \  g round  s t a t e  and  th e  Ag and Bg
6
s t a t e s  o f  t h e  n o n - l i n e a r  e x c i te d  s t a t e ,  w h ich  a r i s e  from  th e  s p l i t t i n g  
o f  t h e  d o u b ly  d e g e n e ra te  ^"Pjg» ^ooh» wou^  giv® r i s e  t o  v e ry  s im i l a r
p e a k s  i n  t h e  e n e rg y  sp e c tru m . A ls o ,  i n  Walsh* s m o le c u la r  o r b i t a l
1 r— 1 1
schem e, t r a n s i t i o n s  b e tw ee n  t h e  > g round  s t a t e  and  t h e  A and B_
s t a t e s  o f  t h e  n o n - l i n e a r  e x c i t e d  s t a t e ,  w h ich  a r i s e  from  th e  s p l i t t i n g
1 A
o f  t h e  d o u b ly  d e g e n e ra te  ^  s t a t e  o f  w ould  a l s o  g iv e  r i s e  t o
tw o v e ry  s i m i l a r  p e a k s .  T h u s, we have tw o p o s s ib le  a s s ig n m e n ts  f o r  
th e  8 .6 1  and 9 .1 6  v o l t  p e a k s .  The 8 .6 1  ev  p eak  may b e  a s s ig n e d  e i t h e r  
t o  th e  t r a n s i t i o n
i, + I,
I ,  ( c o r r e l a t i n g  w i th  ' r p
o r  t o  th e  t r a n s i t i o n
i, + I• t -  ■■ y\
\   > r S  ( c o r r e l a t i n g  w ith  / \  )
and th e  9 .1 6  e v  p eak  may be a s s ig n e d  e i t h e r  t o  t h e  t r a n s i t i o n
I, + * I
( c o r r e l a t i n g  w i t h j  )
o r  t o  t h e  t r a n s i t i o n
l, *•V " " "  I |
\  ■—   >  A  ( c o r r e l a t i n g  w i th  A.)
« I
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(M u llik e n  (3 3 ) h a s  s t a t e d  t h a t  t h e  Bg s t a t e  i s  o f  lo w er e n e rg y  th a n  
th e  A2  s t a t e . )
B oth  o f  t h e  above a l t e r n a t i v e s  a g re e  w i th  t h e  e x p e r im e n ta l  o b s e r ­
v a t io n s  o f  t h i s  r e s e a r c h .  I n  o r d e r  t o  make a  c h o ic e  a s  t o  w h ich  o f  
them  i s  t h e  c o r r e c t  o n e , i t  was n e c e s s a r y  t o  u n d e r ta k e  a  c r i t i c a l  
e x a m in a tio n  o f  th e  s e l e c t i o n  r u l e s  in v o lv e d  i n  th e  tw o a s s ig n m e n ts .  
M u llik e n  (33 ) h a s  t r e a t e d  g e n e r a l  c a se  o f  t r a n s i t i o n s  betw een  a  ground  
s t a t e  h a v in g  sym m etry and  a n  e x c i te d  s t a t e  h a v in g  C2v sym m etry.
Once t h i s  h y p o th e s is  i s  a d o p te d , th e  s e l e c t i o n  r u l e s  fo l lo w  im m e d ia te ly  
i n  t h e  u s u a l  w ay. TNhen, how ever, t h e  d ip o le  moment i n t e g r a l ,  w h ich  con­
t r o l s  th e  i n t e n s i t y  o f a  t r a n s i t i o n ,  i s  exam ined more c a r e f u l l y ,  good 
re a s o n s  a r e  found  f o r  b e l i e v in g  t h a t  t h e  e l e c t r o n i c  wave f u n c t io n s  f o r  
th e  e x c i t e d  s t a t e  do n o t b e lo n g  t o  th e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  
Cgv  e x c e p t  when th e  n u c le a r  p o s i t i o n s  have t h a t  sym m etry. I n  e v a lu a t in g  
th e  d ip o le  moment i n t e g r a l ,  h ow ever, th e  i n t e g r a t i o n  m ust be e x te n d e d  
o v e r a l l  v a lu e s  o f  t h e  n u c le a r  c o o rd in a te s  and  among th e s e  th e r e  a r e  
many f o r  w h ich  th e  symmetry i s  lo w er th a n  CgT . I n  S e c t io n  7 i t  w i l l  
be shown t h a t  none o f  t h e  e l e c t r o n i c  t r a n s i t i o n s  i n  c a rb o n  d io x id e  a r e  
r ig o r o u s ly  fo rb id d e n  when t h i s  f a c t  i s  ta k e n  i n t o  a c c o u n t .  T h is  i n f o r ­
m a tio n  i s  n o t o f  g r e a t  v a lu e  s in c e  i t  p ro v id e s  no means f o r  p r e d i c t i n g  
th e  r e l a t i v e  o rd e r s  o f  m agn itude  o f  t h e  v a r io u s  t r a n s i t i o n s .  I n  o rd e r  
t o  p ro v id e  some ro u g h  e s t im a te ,  th e  e l e c t r o n i c  d ip o le  moment i s  e x ­
panded  i n  a  pow er s e r i e s  i n  th e  norm al (d is p la c e m e n t)  c o o r d in a te s  f o r  
th e  g round  s t a t e .  I t  i s  r e a s o n a b le  t o  suppose  t h a t  a  ro u g h  e s t im a te  
o f  t h e  o rd e r  o f  m agn itude  o f  t h e  i n t e n s i t y  i s  p ro v id e d  by  r e t a i n i n g  
o n ly  t h e  l i n e a r  te rm s .  The c o n s ta n t  te rm s  v a n is h  f o r  b o th  o f  th e  ty p e s
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o f  t r a n s i t i o n s  u n d e r 'd i s c u s s io n  ( i . e .   > T T  and  >   *  ^
g  g  g  u
f o r  l i n e a r  m o le c u le s )  and  hence  a p p ro x im a te  s e l e o t i o n  r u l e s  a r e  o b ta in e d
when th e  c o n d i t io n s  f o r  v a n is h in g  o f  t h e  l i n e a r  te rm s  a r e  w orked o u t .
The d e t a i l s  a r e  g iv e n  i n  S e c t io n  7 .  The r e s u l t s ,  how ever, a r e  sum m arised
below  and i t  i s  t o  be  u n d e rs to o d  t h a t  th e s e  a p p ly  t o  t h e  c o n s ta n t  and
l i n e a r  te rm s  o f  t h e  e x p a n s io n  o n ly .
The r e s u l t s  o f  t h e  s e l e c t i o n - r u l e  s tu d y  made i n  S e c t io n  7 show t h a t
t h e  t r a n s i t i o n
» _ +  1
£  ( c o r r e l a t i n g  w i th  A,)
i s  a l lo w e d , b u t  t h a t  th e  t r a n s i t i o n
tj  >A ^ ( c o r r e l a t i n g  w ith  A„>
i s  f o r b id d e n .  On t h e  o th e r  h a n d , b o th  o f  t h e  t r a n s i t i o n s
' £ -----------------------> A  ( c o r r e l a t i n g  w i th  n >
and
I.\  ■ — -........ > R ( c o r r e l a t i n g  w i th  n>
a r e  a l lo w e d .
Our c o n c lu s io n  i s  b a s e d  on t h r e e  f a c t s j  ( i )  B oth  t h e  8 .6 1  and  9 .1 6  
ev  p e a k s  have  b een  shown t o  be  a l lo w e d  b u t  weak i n  i n t e n s i t y ,  ( i i )  th e
8 .6 1  and  9 .1 6  ev  p eak s  have  b e e n  shown t o  b e lo n g  t o  v e ry  s i m i l a r  ty p e s  
o f  t r a n s i t i o n s ,  and  ( i i i )  t r a n s i t i o n s  o c c u r r in g  b e tw ee n  t h e  ground  s t a t e  
and  th e  and  ^Bg s t a t e s  c o r r e l a t i n g  w i th  t h e  s t a t e  o f
sym m etry a r e  b o th  a l lo w e d , b u t  o n ly  one o f  t h e  t r a n s i t i o n s  o c c u r r in g
-  I l l  -
be tw een  t h e  g round  s t a t e  and  t h e  A and  B s t a t e s  c o r r e l a t i n g  w i th  t h e
6 6lA s t a t e  o f  sym m etry  i s  a l lo w e d .  Thus we c o n c lu d e  t h a t  M u l l ik e n 's
m o le c u la r  o r b i t a l  schem e i s  t h e  c o r r e c t  o n e , and  we a s s ig n  t h e  8 .6 1  ev  
p e a k  t o  t h e  t r a n s i t i o n
I t  sh o u ld  be added  t h a t  M u llig a n  (3 5 ) h a s  c a r r i e d  o u t LCAO SCF c a l c u l a ­
t i o n s  on th e  c a rb o n  d io x id e  m o le c u le  and  fo u n d  t h e  same m o le c u la r  
o r b i t a l  scheme a s  t h a t  w h ich  W alsh  p o s t u l a t e s .  H ow ever, t h e  a g ree m en t 
b e tw e e n  h i s  c a l c u l a t e d  i o n i z a t i o n  p o t e n t i a l s  o f  t h e  e x c i t e d  m o le c u la r  
o r b i t a l s  and  th e  e x p e r im e n ts ^  ones i s  p o o r  and  le a v e s  h i s  r e s u l t s  open 
t o  d o u b t a s  t o  t h e i r  a c c u r a c y .  I n  a d d i t i o n ,  M u llig a n  u sed  LCAO MO's 
w h io h  m in im ized  t h e  e n e rg y  o f  th e  g round  s t a t e  i n  h i s  e x c i t e d  s t a t e  c a l ­
c u l a t i o n s ,  w hen he s h o u ld  have  u se d  LCAO MO's w h ich  m in im ized  t h e  e n e rg y  
o f  t h e  d e s i r e d  e x c i t e d  s t a t e s .
6 .5  THE 1 1 .0 9  VOLT PEAK
I t  w ould  b e  o f  i n t e r e s t  t o  a t te m p t  t o  a s s ig n  t h e  1 1 .0 9  v o l t  p eak  
t o  a  d e f i n i t e  t r a n s i t i o n .  A lth o u g h  a  d e f i n i t i v e  a s s ig n m e n t c an n o t be 
made i t  n e v e r t h e l e s s  seem s p ro b a b le  t h a t  t h e  p e a k  a r i s e s  from  th e  m o le c u la r  
o r b i t a l  t r a n s i t i o n  ITTg > 2 ^ .  T h is  m o le c u la r  o r b i t a l  t r a n s i t i o n  g iv e s
a n d  t h e  9 .1 6  ev  p eak  t o  t h e  t r a n s i t i o n
( c o r r e l a t i n g w ith
r i s e  s i x  e n e rg y  s t a t e s ,  nam ely
1 3
A  and A  • c-ku  *-*u
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(We a r e  n o t  c o n c e rn e d  h e r e  w i th  t h e  t r i p l e t s ) .  The o n ly  s t a t e  t o  w hich
V-+a  t r a n s i t i o n  from  t h e  g round  s t a t e  w ould  h e  a llo w e d  i s  t h e  >  s t a t e ,  
an d  s in c e  th e  11*09 p e a k  i s  b o th  a llo w e d  (S ee  F ig .  13) and  v e ry  s t r o n g ,  
we m ust a s s ig n  i t  t o  t h e  t r a n s i t i o n
21-
I f  t h e  m o le c u le  I obos  i t s  l i n e a r i t y  i n  t h i s  c a se  a l s o ,  t h e  t r a n s i t i o n  
w ould  be
I. + I\ — r> ,r- +
/  — )  p N  ( c o r r e l a t i n g  w ith  /  r ) .
SECTION 7 
SELECTION RULES
7 .1  INTRODUCTION
I n  S e c t io n  6 , th e  r e s u l t s  o f  a  o r i t i o a l  s tu d y  o f  th e  s e l e c t i o n  
r u l e s  in v o lv e d  w ere u se d  i n  a s s ig n in g  c e r t a i n  o b se rv e d  e n e rg y  p eak s  i n  
t h e  c a rb o n  d io x id e  sp e c tru m  t o  d e f i n i t e  t r a n s i t i o n s *  The a ss ig n m e n ts  
made th e r e  w e ig h  q u i t e  h e a v i ly  on th e  v a l i d i t y  o f  th e  s e l e c t i o n  r u l e s  
u s e d .  T h e r e f o re ,  S e c t io n  7 w i l l  s e rv e  a s  a  r ig o r o u s  p r o o f  o f  th e s e  
s e l e c t i o n  r u le s *  S in c e  an  u n f a m i l i a r  a p p ro a c h  t o  t h e  d e r i v a t i o n  w i l l  
be in t r o d u c e d  h e r e ,  i t  i s  o f  i n t e r e s t  t o  re -e x a m in e  t h e  b a s i s  o f  t h e  
e l e c t r o n i c  s e l e c t i o n  r u le s *  F o r t h i s  r e a s o n ,  t h i s  in t r o d u c to r y  s e c t io n  
w i l l  p r e s e n t  a  d e f i n i t i o n  o f  t h e  te rm  " s e l e c t i o n  r u l e s " ,  t o g e t h e r  w i th  
t h e  d ev e lo p m en t o f  a  p r i n c i p l e  w h ich  w i l l  be o f  u tm o s t im p o rta n c e  i n  
o u r d e r i v a t i o n ,  nam ely , t h e  F ranck-C ondon  p r in c i p le *  S e c t io n  7 .2  w i l l  
s t a t e  th e  p ro b lem  w ith  w h ich  we a r e  c o n f ro n te d  h e r e ,  and  o u t l i n e  th e  
m ethod o f  a t t a c k .  S e c t io n  7 .3  c o n ta in s  e s s e n t i a l l y  th e  a c t u a l  d e r iv a ­
t i o n s ,  w i th  t h e  a p p ro a c h  to  th e  s e l e c t i o n  r u l e s  w h ich  i s  b e in g  i n t r o ­
duced  h e r e  p r e s e n te d  i n  a  m ost m a th e m a tic a l ly  r ig o r o u s  fo rm .
7 .1 .1  D e f in i t io n  o f  S e le c t io n  R u le s
I n  th e  i n t e r a c t i o n  o f  a  m o le c u le  w i th  r a d i a t i o n ,  i f  th e  m*5*1 quantum  
s t a t e  o f  t h e  m o lecu le  i s  c o m p le te ly  d e s c r ib e d  by  th e  wave f u n c t io n  ^  m, 
and  th e  h*5*1 quantum  s t a t e  i s  c o m p le te ly  d e s o r ib e d  by  t h e  wave f u n c t io n  
^ n , th e n  th e  p r o b a b i l i t y  o f  a  quantum  jum p, r e f e r r e d  t o  a s  a  " t r a n s i t i o n "
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from  s t a t e  m t o  s t a t e  n i s  d i r e c t l y  p r o p o r t i o n a l  t o  a  q u a n t i t y  | Rmri j \  
jBgml i s  known a s  t h e  " m a tr ix  e le m e n t o f  e l e c t r i c  d ip o le  moment" h a v in g  
th e  r e l a t i o n s h i p
| rtdh| = j^rnnj + + j Zj^J (2 5 )
w here
W ■ | ) V X dT
|Z„„| -  I j f m /* t  f n * T  |
w h e r e /4y  a n d / ^  a r e  th e  d ip o le  moments o f  th e  m o le c u le  a lo n g  t h e  x ,  y ,  
and  z a x e s ,  r e s p e c t i v e l y .  They a r e  d e f in e d  by th e  r e l a t i o n s h i p
N
6i®<i w here  * =  x ,  y ,  z .  
i = l
w here e^ a r e  th e  c h a rg e s  on th e  N p a r t i c l e s  o f  c o o r d in a te s  x ,  y ,  and  z .
j^ ran j» |^m n| and  l^mnl a r e  known a s  t h e  m a tr ix  e le m e n ts  f o r  th e  x ,  y , and  
z d i r e c t i o n s  o f  e l e c t r i c  d ip o le  moment, r e s p e c t i v e l y .
S in ce  th e  i n t e n s i t y  o f  a  t r a n s i t i o n  be tw een  tw o  quantum  s t a t e s  i s  
p r o p o r t i o n a l  t o  t h e  t r a n s i t i o n  w i l l  n o t  o c c u r  i f  t h i s  q u a n t i t y
i s  e q u a l  t o  z e r o .  I f  such  i s  t h e  c a s e ,  t h e  t r a n s i t i o n  i s  s a id  t o  be 
" f o r b id d e n " .  On th e  o th e r  h a n d , i f  t h i s  q u a n t i t y  i s  f i n i t e ,  t h e  t r a n s i ­
t i o n  w i l l  o c c u r ,  and  i s  s a id  t o  be "a llo w e d "  o r  " p e r m i t t e d " .  A s e l e c t i o n  
r u l e  i s  m e re ly  a  s ta te m e n t  o f w h e th e r  o r  n o t  t h e  m a tr ix  e le m e n t o f  e l e c -
T T h is  r e l a t i o n s h i p  i s  d e r iv e d  i n  many s ta n d a rd  books on quantum  
m e c h a n ic s . ( 4 0 ) ( 4 1 ) ( 4 2 ) ( 4 3 ) .
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t r i e  d ip o l e  moment l®mn| v a n i s h e s ;  i . e .  i t  i s  a  s ta te m e n t  o f  w h e th e r  a
p a r t i c u l a r  t r a n s i t i o n  i s  f o r b id d e n  o r  a l lo w e d .  The d e r iv a t io n  o f  t h e  
s e t  o f  s e l e c t i o n  r u l e s  o f  a  s e r i e s  o f  t r a n s i t i o n s  c o n s i s t s ,  t h e n ,  o f 
d e te rm in in g  f o r  w h ich  o f  th e  t r a n s i t i o n s  t h e  m a tr ix  e le m e n ts  o f  e l e c ­
t r i c  d ip o l e  moment v a n i s h ,  and  f o r  w hioh  th e  m a tr ix  e le m e n ts  o f  e l e c ­
t r i c  d ip o le  moment a r e  n o n -v a n is h in g .
Upon r e f e r r i n g  b a c k  t o  e q u a t io n  ( 2 5 ) ,  i t  w i l l  b e  n o te d  t h a t  t h e  
m a t r ix  e le m e n t o f  e l e c t r i c  d ip o l e  moment i s  a  sum o f  t h r e e  p o s i t i v e  
t e r r a s .  A l l  t h r e e  o f  t h e s e  te rm s  m ust be  e q u a l  t o  z e ro  i n  o r d e r  f o r  
t h e  t r a n s i t i o n  t o  be f o r b id d e n .  I f  tw o o f  t h e  p o s i t i v e  te rm s  a r e  ze ro ,  
b u t  t h e  t h i r d  one i s  n o t ,  th e n  t h e  t r a n s i t i o n  i s  s t i l l  a l lo w e d , b u t  i s  
s a id  t o  be  p o l a r i z e d  i n  t h e  d i r e c t i o n  o f  th e  n o n -v a n is h in g  d ip o le  mo­
m e n t. F o r ex am p le , i f  J x ^ J  * = 0 b u t  /  0 ,  th e n  t h e  t r a n s i ­
t i o n  m—> n w ould  be s a id  t o  be a l lo w e d , and  p o la r i z e d  i n  th e  z d i r e c t i o n .
7 .1 .2  T h eo ry  o f  S e l e c t io n  R u le s
B orn and  O ppenheim er (4 4 ) w ere  a b l e  t o  show t h a t  th e  co m p le te  wave 
f u n c t i o n  f o r  a  quantum  s t a t e  o f  a  m o le c u le ,  ^  # c o u ld  be c o n s id e r e d ,  t o  
a  v e r y  good d e g re e  o f  a p p ro x im a tio n ,  a s  t h e  p ro d u c t o f  tw o wave f u n c t i o n s ,  
an  e l e c t r o n i c  wave f u n c t i o n  ^ e » and  a  n u o le a r  wave f u n c t io n  whence
w here  q d e n o te s  a l l  e l e c t r o n i c  c o o r d in a te s  and  Q d e n o te s  a l l  n u c le a r  
c o o r d in a t e s .  The e l e c t r o n i c  wave f u n c t io n  i s  a  f u n c t i o n  o f  b o th  th e  
n u c l e a r  c o o r d in a te s  Q and t h e  e l e c t r o n i c  c o o r d in a te s  q ,  w h e reas  t h e  
n u c l e a r  wave f u n c t i o n  i s  a  f u n c t i o n  o n ly  o f  th e  n u c le a r  c o o r d in a te s  Q.
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The d e r i v a t i o n  o f  t h e  above  r e l a t i o n s h i p  b y  B orn  and O ppenheim er 
i s  b a se d  on t h e  f a c t  t h a t  s in c e  t h e  m ass o f  a n  a to m ic  n u c le u s  i s  s e v ­
e r a l  th o u s a n d  t im e s  g r e a t e r  th a n  t h a t  o f  th e  e l e o t r o n s  s p in n in g  
a ro u n d  i t ,  t h e  e l e c t r o n s  a r e  a b le  t o  c a r r y  o u t many c y c le s  o f  m o tio n  
i n  t h e  same am ount o f  t im e  r e q u i r e d  f o r  t h e  n u c le u s  t o  move a p p re c ia b ly *  
A c c o rd in g ly , i t  i s  p o s s i b l e  t o  s o lv e  t h e  wave e q u a t io n  f o r  t h e  e l e c ­
t r o n i c  m o tio n  f o r  a  f ix e d  c o n f ig u r a t io n  o f  t h e  n u c l e i ,  an d  th e n  th e  
r e s u l t i n g  e l e c t r o n i c  e n e rg y  f u n c t io n s  can  be u sed  a s  p o t e n t i a l  e n e rg y  
f u n c t io n s  i n  s o lv in g  th e  wave e q u a t io n  f o r  th e  n u c l e i .
The a c t u a l  a rgum en t o f  B orn  an d  O ppenheim er i s  e x tre m e ly  lo n g  and  
c o m p lic a te d ,  b u t  t h e i r  r e s u l t s  a r e  r a t h e r  e a s y  t o  u n d e r s ta n d .  L e t t h e  
c o m p le te  wave f u n c t i o n  f o r  t h e  m o le c u le  be  W • The co m p le te  H a m ilto n ia n  
f o r  t h e  m o le c u le  i s
w here th e  f i r s t  te rm  g iv e s  t h e  k i n e t i c  e n e rg y  o f  t h e  n u o le i ,  t h e  second  
te rm  g iv e s  t h e  k i n e t i c  e n e rg y  o f  t h e  e l e c t r o n s ,  Vjjjj i s  t h e  p o t e n t i a l  
e n e rg y  a r i s i n g  fro m  n u c le a r  i n t e r a c t i o n ,  % e  i s  t h a t  a r i s i n g  fro m  
n u c l e a r - e l e c t r o n i c  i n t e r a c t i o n ,  and  Ve e  i s  t h a t  a r i s i n g  fro m  e l e c t r o n i c  
i n t e r a c t i o n .  The a rgum en t o f  B orn and O ppenheim er h o ld s  t h a t  t h e  com­
p l e t e  H a m ilto n ia n  H can  be c o n s id e re d  a s  th e  sum o f  tw o H a m ilto n ia n s ,
w here He i s  t h e  H a m ilto n ia n  f o r  t h e  e l e c t r o n s  and Hjj i s  t h e  H a m ilto n ia n  
f o r  t h e  n u o l e i .  T hese  H a m ilto n ia n s  a r e  g iv e n  b y
(27)
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I t  sh o u ld  he  n o te d  from  e q u a t io n s  (28 ) t h a t  HQ i s  a  f u n c t io n  o f  b o th  
e l e c t r o n i c  and n u c le a r  c o o r d in a te s ,  -whereas Hjj i s  a  f u n c t io n  o n ly  o f  th e
w here Yf i s  t h e  e ig e n v a lu e  o f  th e  e n e rg y  f o r  th e  e n t i r e  m o le c u le ,  and 
W0 i s  t h e  e l e c t r o n i c  e n e rg y  o n ly .
The w ork o f  B orn and O ppenheim er p re p a re d  th e  way f o r  t h e  fo rm u la ­
t i o n  o f  t h e  F ranck-C ondon  p r i n c i p l e  ( 4 6 ) ( 4 7 ) ( 4 8 ) .  I n  p h y s ic a l  te rm s ,  
t h e  F ranck-C ondon  p r i n c i p l e  s t a t e s  t h a t  d u r in g  th e  tim e  r e q u i r e d  f o r  a  
m o le c u le  t o  u n d erg o  a  quantum  jump from  one quantum  s t a t e  t o  a n o th e r ,  
t h e  c o n f ig u r a t io n  o f  th e  atom s i n  t h e  m o le c u le  w i l l  change a  n e g l i g i b l e  
am oun t. I t  c a n  be  se e n  t h a t  t h i s  a s su m p tio n  f o l lo w s  d i r e c t l y  from  Born 
and  O ppenheim er’ s p ro o f  t h a t  t h e r e  i s  v e ry  l i t t l e  i n t e r a c t i o n  i n  t h e  
m o le c u le  be tw een  e l e c t r o n i c  m o tio n  and  n u c le a r  m o tio n . The m a th e m a tic a l 
f o rm u la t io n  o f  t h e  F ranck-C ondon p r i n c i p l e  w i l l  now b e  d e v e lo p e d .
n u c le a r  c o o r d in a te s . e ig e n f u n c t io n  w hich
s a t i s f i e s  t h e  wave e q u a t io n
-  We ^ e (q ,Q )
and i s  d e f in e d  t o  be t h e  e ig e n f u n c t io n  w hioh  s a t i s f i e s  th e
e q u a t io n
wave
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I n  S e c t io n  7 .1 .1  i t  was s t a t e d  t h a t  th e  p r o b a b i l i t y  f o r  a  t r a n s i -
i 12t i o n  from  one quantum  s t a t e  t o  a n o th e r  i s  p r o p o r t i o n a l  t o  j R ^ J  , w here 
Ir^ jJ 2 i s  e q u a l t o  t h e  sum o f  (y^ 2 and  [ z ^ 2 . The F r m e k -
Condon p r i n c i p l e  w i l l  be  d e m o n s tra te d  u s in g  th e  x  e l e o t r i c  d ip o le  moment, 
a l th o u g h  i t  w i l l  o f  c o u rs e  a p p ly  to  t h e  y  and  z moments a s  w e l l .  I f  we 
l e t  t h e  o om ple te  wave f u n c t i o n  f o r  th e  lo w er s t a t e  be d e s ig n a te d  by  ' 
and  t h a t  f o r  th e  u p p e r s t a t e  by  th e n  we h a v e ,
1*1 (2 9 )
w here
N  = r * i
Now a c c o rd in g  t o  th e  a p p ro x im a tio n  o f  B orn  and  O ppenheim er,
Y ' - f . Y .
and  th u s  t h e  m a tr ix  e lem en t o f  e l e c t r i c  d ip o le  moment becom es
(3 0 )
F u r th e rm o re , th e  e l e c t r i c  d ip o l e  moment can  be r e s o lv e d  i n t o  tw o p a r t s ;  
one d ep en d in g  o n ly  on th e  n u o l e i ,  and  one d ep en d in g  o n ly  on t h e  e l e c t r o n s ,
+ A l
E q u a tio n  (30 ) now becom es
r 1 r
|x| -
4
♦ y n f ; (3 1 )
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S in ce /M jjq i s  n o t  a  f u n c t i o n  o f  t h e  c o o r d in a te s  o f  t h e  n u c l e i  a n d i s  
n o t  a  f u n c t i o n  o f  t h e  c o o r d in a te s  o f  th e  e l e c t r o n s ,  e q u a t io n  (3 1 ) may 
be w r i t t e n
M (nt fr;AXdT. dfs + (Vv,Nn fifUr,/ ]
^  m
a  T ,N (3 2 )
The e l e c t r o n i c  e i g e n f u n c t io n  b e lo n g in g  t o  d i f f e r e n t  e l e c t r o n i c  quantum  
s t a t e s  o f  t h e  same m o le c u le  a r e  o r th o g o n a l ,  and  t h e r e f o r e  e q u a t io n  (3 2 ) 
re d u c e s  t o
N (3 3 )
s in c e
ir'ji a r .  *  o
R e w r i t in g  e q u a t io n  (3 3 ) i n  c o m p le te  f u n c t i o n a l  fo rm , we have
XI = N (3 4 )
The i n t e g r a l  i n  b r a c k e t s  i s  known a s  t h e  " e l e c t r o n i c  t r a n s i t i o n  moment". 
I t  i s  cu s to m ary  t o  assum e t h a t  t h e  e l e c t r o n i c  t r a n s i t i o n  moment v a r i e s  
so  s lo w ly  w i th  q t h a t  i t  c a n  be c o n s id e re d  a s  a  c o n s ta n t  i n  e v a lu a t in g
(3 4 ) o v e r  Q. T h u s , f o r  an y  p a r t i c u l a r  e l e c t r o n i c  t r a n s i t i o n ,  t h e  
e l e c t r o n i c  t r a n s i t i o n  moment i s  a  c o n s ta n t  f o r  a l l  v i b r a t i o n a l  and
r o t a t i o n a l  t r a n s i t i o n s  w i t h i n  t h a t  p a r t i c u l a r  e l e c t r o n i c  t r a n s i t i o n .  
T h is  i s  sy m b o lized  a s
w h e re (f x e (Q) i s  t h e  e l e c t r o n i c  t r a n s i t i o n  m om ent. E q u a tio n  (3 5 ) i s  
em ployed i n  t h e  quan tum  m e c h a n ic a l t r e a tm e n t  o f  t h e  F ranck-C ondon  
p r i n c i p l e ,  w i th  f*x e (Q) c o n s id e r e d  t o  he  a  c o n s ta n t  (4j*)(43).
B e fo re  g o in g  on t o  th e  n e x t  s e c t i o n ,  i t  w ould  be o f  i n t e r e s t  t o  
c o n s id e r  t h e  s t a t u s  o f  t h e  F ranek -C ondon  p r i n c i p l e  s in c e  t h i s  w i l l  be 
o f  c o n s id e r a b le  im p o r ta n c e  i n  t h i s  r e s e a r e h .  I n  a b s o r p t io n  th e  g round  
s t a t e  v i b r a t i o n a l  f u n c t i o n  i s  n o rm a lly  t h a t  o f  lo w e s t e n e rg y  and  t h e  
f u n c t io n  h a s  a  s h a rp  p e a k  a t  t h e  e q u i l ib r iu m  i n t e r n u c l e a r  d i s t a n c e .
The e x c i t e d  s t a t e  wave f u n c t i o n  t e n d s  t o  have tw o b ro a d  maxima n e a r  t h e  
c l a s s i c a l  " tu r n in g  p o i n t s " ,  i . e .  t h e  i n t e r s e c t i o n  p o in t s  o f  t h e  t o t a l  
e n e rg y  and  p o t e n t i a l  e n e rg y  c u r v e s .  Tldhen one o f  t h e s e  maxima l i e s  
d i r e c t l y  above t h e  maximum f o r  t h e  g ro u n d  s t a t e  f u n c t i o n  th e n  Jx|
te n d s  t o  be  l a r g e  an d  th e  t r a n s i t i o n  t o  t h a t  p a r t i c u l a r  u p p e r s t a t e  
o c c u rs  w ith  h ig h  p r o b a b i l i t y ,  a t  l e a s t  i n  co m p ariso n  t o  t r a n s i t i o n s  t o  
o th e r  v i b r a t i o n a l  s t a t e s  i n  th e  same e x c i t e d  e l e c t r o n i c  s t a t e .  The 
t r a n s i t i o n ,  i n  o th e r  w o rd s , i s  r e f e r r e d  t o  a s  " v e r t i c a l " ,  s in c e  t h e  
v i b r a t i o n a l  s t a t e  i s  lo c a te d  b y  d raw in g  a  v e r t i c a l  l i n e  from  th e  e q u i ­
l i b r iu m  g ro u n d  s t a t e  p o s i t i o n  t o  t h e  p o t e n t i a l  e u rv e  o f  t h e  u p p e r  s t a t e .  
The e n e rg y  l e v e l  n e a r e s t  t h e  i n t e r s e c t i o n  p o in t  p r o v id e s  t h e  s t a t e  
e x c i t e d  w i th  h ig h e s t  p r o b a b i l i t y .  The re q u ire m e n t t h a t  th e  i n t e r n u c l e a r  
d i s t a n c e s  rem a in  u n changed  i n  e x c i t a t i o n  i s  now c o n s id e r a b ly  m o d if ie d .
(3 5 )
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T h is  c o n s t i t u t e s  o n ly  a  g r a p h ic a l  m ethod o f  l o c a t i n g  t h e  m ost in t e n s e  
t r a n s i t i o n  r a t h e r  th a n  t h e  s ta te m e n t  o f  an  e x a c t p r i n c i p l e .  I n  one 
r e s p e c t ,  how ever, t h e  c o n c e p t o f  e q u a l  i n t e r n u c l e a r  d i s t a n c e s  s t i l l  
p la y s  a  s i g n i f i c a n t  r o l e .  T h is  a r i s e s  when th e  e l e c t r o n i c  moment 
f „  i s  c o n s id e r e d .  The above d i s c u s s io n  o b v io u s ly  s u g g e s ts  t h a t  th e  
i n t e g r a l  f xe i s  t o  be e v a lu a te d ,  i n  t r e a t i n g  a b s o r p t io n ,  a t  t h e  i n t e r ­
n u c l e a r  d i s t a n c e  w h ic h  i s  t h e  e q u i l ib r iu m  d i s t a n c e  f o r  th e  ground s t a t e  
an d , i n  a d d i t i o n ,  t h a t  t h i s  same d i s t a n c e  be  u se d  f o r  b o th  t h e  g round  
and  e x c i t e d  s t a t e  e l e c t r o n i c  wave f u n c t i o n s .  I n  c a l c u l a t i o n s  o f  t r a n s i ­
t i o n  p r o b a b i l i t i e s  t h i s  i s  v e ry  commonly done and th e  r e s u l t s ,  a l th o u g h  
a p p ro x im a te ,  h av e  s e rv e d  v e ry  w e l l  i n  i n t e r p r e t i n g  t h e  d a ta  f o r  t r a n s i ­
t i o n s  i n  d ia to m ic  m o le c u le s .  I n  th e  c a s e  o f  d ia to m ic  m o le c u le s  t h e  
s e l e c t i o n  r u l e s  f o r  e l e c t r o n i c  t r a n s i t i o n s  o b ta in e d  i n  t h i s  way a r e  
a lw ay s  c o r r e c t  f o r  th e  f o l lo w in g  r e a s o n .  S e le c t io n  r u l e s  depend  on th e  
sym m etry o f  a  sy s te m . No change i n  i n t e r n u c l e a r  d i s t a n c e  ca n  p o s s ib ly  
change  th e  sym m etry and h en ce  th e  s e l e c t i o n  r u l e s  o b ta in e d  f o r  a  p a r t i ­
c u l a r  i n t e r n u c l e a r  d i s t a n c e  a r e ,  e x c e p t  b y  a c c id e n t ,  t h e  same a s  th o s e  
w h ich  w ou ld  be ded u ced  a t  an y  o th e r  i n t e r n u c l e a r  d i s t a n c e .
The F ranck-C ondon  p r i n c i p l e  h a s  b een  d e v e lo p e d  f o r  d ia to m ic  
m o le c u le s  and  a p p l ie d  to  t h e  i n t e r p r e t a t i o n  o f  d ia to m ic  s p e c t r a .
I n  t h e  g e n e r a l i z a t i o n  t o  p o ly a to m ic  m o le c u le s  s e v e r a l  d i f f i c u l t i e s  
a r e  e n c o u n te re d  a n d , u n f o r tu n a t e ly ,  a  d e t a i l e d  th e o r y  h a s  n o t  y e t  b een  
s y s t e m a t i c a l l y  d e v e lo p e d , a t  l e a s t  a s  f a r  a s  i s  known. The ty p e  o f  
d i f f i c u l t y  e n c o u n te re d  ca n  be i l l u s t r a t e d  i f  we g e n e r a l i z e  t h e  th e o r y  
i n  t h e  above  a p p ro x im a te  form  and c o n s id e r  t h a t  f xe i s  s t i l l ,  i n  
a b s o r p t io n ,  t o  be  e v a lu a te d  f o r  n u c le a r  p o s i t i o n s  ( i n  b o th  e l e c t r o n i c
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wave f u n c t io n s )  w h ich  a r e  t h e  same a s  t h e  g round  s t a t e  e q u i l ib r iu m  
p o s i t i o n s ,  i . e .  t h e  t r a n s i t i o n  i s  v e r t i c a l .  When th e  g round  s t a t e  
e q u i l ib r iu m  p o s i t i o n s  have h ig h  sym m etry, th e n  a  number o f  t r a n s i t i o n s  
w i l l  b e  " fo rb id d e n ” i n  th e  se n se  t h a t  f xe w i l l  v a n i s h .  Such t r a n s i ­
t i o n s  w i l l ,  o f  c o u r s e ,  b e  w eak b u t  t h e r e  a r e  c i rc u m s ta n c e s  i n  w h ich  th e  
m a tr ix  e lem en t o f e l e c t r i c  d ip o le  moment i s  n o t  e x a c t ly  s e r o .  T h is  
a r i s e s  b e c a u se  d is p la c e m e n t o f  th e  n u c le i  i n  a  c e r t a i n  v i b r a t i o n a l  mode 
may, and  f r e q u e n t ly  d o e s ,  lo w er th e  symmetry o f  th e  m o le c u le .  Thus t h e  
s e l e c t i o n  r u l e s  deduced  f o r  t h e  e q u i l ib r iu m  n u c le a r  p o s i t i o n s  a r e  n o t  
t h e  same a s  f o r  d i s p la c e d  p o s i t i o n s .  U nder th e s e  c o n d i t io n s  t h e  s e l e c ­
t i o n  r u l e s  can  be r i g o r o u s ly  o b ta in e d  o n ly  when th e  dependence  o f  f xe 
on th e  n u c le a r  p o s i t i o n s  i s  p r o p e r ly  ta k e n  i n t o  a c c o u n t .  Some s te p s  i n  
t h i s  d i r e c t i o n  have b een  ta k e n  by Sponer and  T e l l e r  (4 8 ) a l th o u g h  t h e  
th e o r y  h as  n o t  b e e n  d e v e lo p ed  s u f f i c i e n t l y  t o  be u s e f u l  i n  th e  p r e s e n t  
a p p l i c a t i o n .  I n  t h e  fo l lo w in g  d i s c u s s io n ,  a l l  r e f e r e n c e s  t o  th e  F ra n c k -  
Condon p r i n c i p l e  a r e  t o  th e  ap p ro x im a te  p r i n c i p l e  w i th o u t  any r e f in e m e n ts  
i n  w h ich  th e  v a r i a t i o n  o f  f xe i s  ta k e n  i n t o  a c c o u n t .  As w i l l  be e v id e n t  
i n  t h e  s u b se q u e n t d i s c u s s io n ,  i t  i s  th e s e  a p p ro x im a tio n s  w hich  c a u se  
d i f f i c u l t y  b e c a u se  th e y  a r e  n o t a d e q u a te  i n  d e a l in g  w i th  th e  p r e s e n t  
a p p l i c a t i o n .
7 .2  STATEMENT OF THE PROBLEM AND METHOD OF ATTACK
As w as p o in te d  o u t i n  S e c t io n  4 and  a g a in  i n  S e c t io n  6 , M u llik e n  
and W alsh have p ro p o sed  tw o d i f f e r e n t  e x c i te d  s t a t e  m o le c u la r  o r b i t a l  
schem es f o r  th e  ca rb o n  d io x id e  m o le c u le .  These tw o schem es, w h ich  w ere
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p re se n te d , g r a p h ic a l l y  i n  F ig u re  4 ,  le a d  t o  q u i t e  d i f f e r e n t  i n t e r p r e t a ­
t i o n s  o f  th e  o b se rv e d  e n e rg y  s p e c t r a .  A c r i t i c a l  e x a m in a tio n  o f  th e  
s e l e c t i o n  r u l e s  in v o lv e d  i n  t h e  tw o c a s e s  w ould  g r e a t l y  a i d  and f a c i l i ­
t a t e  th e  c h o ic e  o f  a  o o r r e c t  i n t e r p r e t a t i o n  o f  o b se rv e d  s p e c t r a .  The 
i n t e r p r e t a t i o n  w h ich  h a s  b e e n  a r r iv e d  a t  i n  t h i s  w ork h a s  a l r e a d y  b een  
o u t l in e d  i n  S e c t io n  6 . T h is  s e c t i o n  on s e l e c t i o n  r u l e s  s e rv e s  e s s e n ­
t i a l l y  a s  a  j u s t i f i c a t i o n  and p ro o f  o f  t h a t  i n t e r p r e t a t i o n .
I n  S e c t io n  6 . 4 .4 ,  a  co m p reh en siv e  d i s c u s s io n  o f  M u llik e n ’ s and  
W alsh ’ s a s s ig n m e n ts  o f  o b se rv e d  p e a k s  t o  t r a n s i t i o n s  was g iv e n .  The 
m ain  p o in t  w ith  w hich  we a r e  h e r e  co n c e rn e d  i s  t h a t  M u llik e n  a s s ig n s  
th e  lo w e s t e n e rg y  p eak  i n  t h e  c a rb o n  d io x id e  sp e c tru m  t o  one o f  t h e  
t r a n s i t i o n s
(H ow ever, se e  S e c . 6 . 4 . 4 ) .
The p ro b lem  h e r e  i s  to  c o n s id e r  th e  s e l e c t i o n  r u l e s  o f  t h e s e  tw o 
a l t e r n a t e  p o s s i b i l i t i e s  i n  an  e f f o r t  t o  a r r i v e  a t  a  c o n c lu s io n  a s  t o  
w h ich  i s  t h e  c o r r e c t  i n t e r p r e t a t i o n ,  i f ,  in d e e d ,  e i t h e r  one i s .
( c o r r e l a t i n g  w ith
( c o r r e l a t i n g  w i th
b u t  W alsh  a s s ig n s  i t  t o  th e  t r a n s i t i o n
c o r r e l a t i n g  w i th  ^  )
and some n e a r  ly in g  b an d s  t o  th e  t r a n s i t i o n
At ' a( c o r r e l a t i n g  w i th  / \
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To t h i s  e n d , t h e  f a c t ,  w h ich  t h i s  r e s e a r c h  h a s  b ro u g h t o u t ,  t h a t  th e  
tw o lo w e s t e n e rg y  t r a n s i t i o n s  i n  t h e  c a rb o n  d io x id e  sp e c tru m  a r e  a llo w e d  
w i l l  be u t i l i z e d  i n  t h i s  c o n n e c tio n  t o  v e ry  g r e a t  a d v a n ta g e .
T hus, we m ust t r e a t  t h e  s e l e c t i o n  r u l e s  f o r  tw o d i f f e r e n t  c a s e s .
The f i r s t  c a s e  i s  t h a t  f o r  th e  t r a n s i t i o n s  fro m  t h e  l i n e a r  sy m m e tric a l 
g round  s t a t e  t o  th e  tw o s t a t e s  *Ag and *Bg o f  Cgv  w hich  c o r r e l a t e  w i th  
t h e  s t a t e  o f  sym m etry. The second  c a s e  i s  t h a t  f o r  th e  t r a n s i ­
t i o n s  from  th e  l i n e a r  sy m m e tr ic a l g round  s t a t e  t o  t h e  two s t a t e s  *Ag and
*Bg o f  Cgv  w h ich  c o r r e l a t e  w i th  t h e  8^ 8/be 0:f ^ co h
A t f i r s t  c o n s id e r a t io n ,  one migiht suppose  t h e  s e l e c t i o n  r u l e s  i n  th e s e
tw o c a s e s  t o  b e  i d e n t i c a l ,  b u t  a  more th o ro u g h  s tu d y  p ro v e s  t h i s  f a l s e .
The s e l e c t i o n  r u l e s  f o r  th e  f i r s t  o f  t h e  above tw o o a se s  w ere 
t r e a t e d  by  M u llik e n  (33 ) who found  t h a t  th e  t r a n s i t i o n  from  t h e  g round  
s t a t e  t o  th e  ^Bg s t a t e  i s  a l lo w e d , b u t  t h a t  th e  t r a n s i t i o n  t o  th e  
^Ag s t a t e  i s  f o r b id d e n .  H ow ever, a  c a r e f u l  c o n s id e r a t io n  o f  M u ll ik e n ’ s 
p a p e r  b r in g s  o u t th e  f a c t  t h a t  h i s  d e r i v a t i o n  h a s  n o t  b e e n  c a r r i e d  o u t 
i n  a  r ig o r o u s  m anner. I t  i s  d e s i r e d  h e r e  t o  t r e a t  th e  c a se  i n  w hich  a 
t r a n s i t i o n  o c c u rs  d i r e c t l y  b e tw ee n  a  m o le c u le  h a v in g  sym m etry and
one o f  i t s  e x c i t e d  s t a t e s  h a v in g  Cg^ sym m etry . I n  h i s  p a p e r ,  M u llik e n  
d o es  n o t  s p e c i f i c a l l y  s t a t e  t h e  ro u te  by  w hich  he c o n s id e r s  t h e  t r a n s i ­
t i o n  t o  o c c u r .  However, i f  th e  F ranck-C ondon  p r i n c i p l e  i s  c o n s id e re d  
t o  h o ld  r ig o r o u s ly  ( a s  M u llik e n  assum ed) th e n  i t  i s  im p o s s ib le  t o  t r e a t  
th e  t r a n s i t i o n  i n  a  c o m p le te ly  r ig o r o u s  m anner, s in c e  o b v io u s ly  th e  
n u c le a r  p o s i t i o n s  c a n n o t be t h e  same f o r  t h e  ground  s t a t e  a s  f o r  t h e  
e x c i t e d  s t a t e .  The o n ly  r e c o u rs e  i s  t o  t r e a t  th e  t r a n s i t i o n  a s  i f  th e  
g round  s t a t e  assum ed Cg^ sym m etry (b y  means o f  th e  v g v i b r a t i o n a l  mode)
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a t  t h e  i n s t a n t  o f  t r a n s i t i o n  t o  t h e  e x c i t e d  s t a t e *  I n  t h i s  c a s e ,  - th e  
F ranck -C ondon  p r i n c i p l e  w ou ld  n o t  he v i o l a t e d  and t h e  s e l e c t i o n  r u l e s  
may b e  w orked  o u t i n  t h e  c o n v e n t io n a l  m an n er. The s e l e c t i o n  r u l e s  
w orked  o u t i n  t h e  c o n v e n t io n a l  m anner u s in g  th e  above a s su m p tio n  a g re e  
w i th  th o s e  s t a t e d  b y  M u llik e n  ( 3 3 ) .  H ow ever, t h i s  v ie w p o in t i s  n o t com­
p l e t e l y  s a t i s f a c t o r y ,  a s  M u llik e n  e v i d e n t ly  r e a l i z e d ,  f o r  he w ro te ,
"The r ig h t - h a n d  h a l f  o f  T a b le  I I  c o rre s p o n d s  t o  a  b e n t  u p p e r s t a t e .
H ere  some o f  th e  v ib r o n i c  t r a n s i t i o n s  w i th  p o l a r i z a t i o n ,  b e lo n g in g  
t o  e ^Bg, 0 l£ g ,  may be  c a l l e d  e l e o t r o n ic - a l lo w e d ,  a l th o u g h  s t r i c t l y  
t h i s  i s  j u s t i f i e d  o n ly  i n  e m is s io n  w here  t h e  i n i t i a l  s t a t e  i s  b e n t ,  b u t  
n o t i n  a b s o r p t io n  w here  i t  i s  l i n e a r . "
T h u s , a  r ig o r o u s  t r e a tm e n t  o f  t h i s  s i t u a t i o n  has  y e t  t o  be  c a r r i e d  
o u t .  I t  w ould  seem  l o g i c a l  t h a t  t h e  n e x t s te p  w ould be t o  c o n s id e r  
s m a ll  v i o l a t i o n s  o f  t h e  F ranck-C ondon  p r i n c i p l e ,  and i t  i s  one o f  th e  
a im s o f  t h i s  s e c t i o n  t o  p r e s e n t  a  t r e a tm e n t ,  i n  a  m a th e m a tic a l ly  r ig o r o u s  
m anner, o f  t h i s  p ro b le m  w ith o u t  m aking th e  a s su m p tio n  o f t h e  F ra n c k -  
Condon p r i n c i p l e .  S t r i c t l y ,  o f  c o u r s e ,  t h i s  c a n n o t be done u n le s s  th e  
co m p le te  wave f u n c t i o n s  a r e  known, b u t  by e x p an d in g  th e  wave f u n c t io n s  
i n  a  pow er s e r i e s  th r o u g h  t h e  l i n e a r  te rm s  and  c o n s id e r in g  th e  sym m etry 
p r o p e r t i e s  o f  t h e  expanded  wave f u n c t io n s  u n d e r th e  o p e r a t io n s  o f  t h e i r  
r e s p e c t iv e  sym m etry p o in t  g ro u p s , sm a ll v i o l a t i o n s  o f  th e  F ranck-C ondon  
p r i n c i p l e  w i l l  have  b e e n  t r e a t e d  in  a  m ost s a t i s f a c t o r y  m anner.
S e c t io n  7 .3  w i l l  co m p rise  t h e  re m a in d e r  o f  S e c t io n  7 and c o n ta in s  
t h e  d e r i v a t i o n s  o f  a l l  s e l e c t i o n  r u l e s  c o n s id e re d  i n  t h i s  t h e s i s .
S e c t io n  7 .3 .1  g iv e s  a  b r i e f  e x p la n a t io n  o f  how group  th e o ry  i s  em ployed 
i n  d e r iv in g  s e l e c t i o n  r u l e s  i n  g e n e r a l .  I t  w i l l  a l s o  c o n ta in  a l l  g roup
c h a r a c te r  t a b l e s  w h ich  w i l l  be  u sed  i n  S e c t io n  7*3 . I n  S e c t io n  7*3*2, 
t h e  s e l e c t i o n  r u l e s  f o r  t r a n s i t i o n s  be tw een  tw o s t a t e s  e a c h  h a v in g  
DqqJj symmetry w i l l  be  d e r iv e d .  T h is  w i l l  s e rv e  a  tw o f o ld  p u rp o s e .
The d e r iv a t io n  w i l l  p ro v e  t h a t  b o th  th e  t r a n s i t i o n s
a r e  f o r b id d e n .  I n  a d d i t i o n ,  i t  s e rv e s  a s  a  s im p le  i l l u s t r a t i o n  o f  th e  
g e n e r a l  m ethod o f  d e r iv in g  s e l e c t i o n  r u l e s  a s  g iv e n  i n  S e c t io n  7 .3 .1  
so t h a t  t h e  l a t e r  more c o m p lic a te d  d e r iv a t io n s  may be  more e a s i l y  u n d e r ­
s to o d .  S e c t io n  7 .3 .3  w i l l  c o n ta in  a  d e r i v a t i o n  o f  s e l e c t i o n  r u l e s  f o r  
t r a n s i t i o n s  betw een  a  s t a t e  o f  sym m etry and  a  s t a t e  o f  Cgv  sym m etry
u s in g  th e  a ssu m p tio n  t h a t  th e  i n i t i a l  l i n e a r  s t a t e  assum es symmetry 
a t  t h e  i n s t a n t  o f  t r a n s i t i o n  and  p ro c e e d in g  i n  th e  c o n v e n t io n a l  m anner. 
F i n a l l y ,  S e c t io n  7 .3 .4  w i l l  p r e s e n t  th e  new er ap p ro a c h  t o  t h e  s e l e c t i o n  
r u l e s  o f  t h i s  ca se  a s  o u t l in e d  ab o v e , i n  w h ich  th e  F ranck-C ondon  p r i n ­
c i p l e  i s  n o t  ta k e n  a s  a  r ig o r o u s  a s su m p tio n .
7 .3  DERIVATION OF SELECTION RULES
7 .3 .1  I n t r o d u c t io n
We r e c a l l  t h a t  s e l e c t i o n  r u l e s  a r e  m e re ly  s ta te m e n ts  o f  w h e th e r  t h e
i |2m a tr ix  e lem en t o f  e l e c t r i c  d ip o le  moment IR ^ J  v a n is h e s  o r  i s  n o n -
and
v a n is h in g . com posed o f  th e  t h r e e  compo­
n e n ts b re a k  t h i s  d e f i n i t i o n  o f  s e l e c -
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t i o n  r u l e s  down i n t o  t h e  s ta te m e n t  t h a t  a  s e l e c t i o n  r u l e  i s  m e re ly  a  
s ta te m e n t  o f  w h e th e r  a l l  t h r e e  o f  t h e s e  com ponents o f  m a t r ix  e le m e n t o f 
e l e c t r i c  d ip o le  v a n is h  o r  a r e  n o n - v a n is h in g .  I n  o r d e r  f o r  a  t r a n s i t i o n  
t o  be f o r b id d e n ,  a l l  t h r e e  m ust v a n i s h .  T h u s , t h e  e l e c t r o n i c  s e l e c t i o n  
r u l e s  a r e  o b ta in e d  by  d e te rm in in g  w h e th e r  th e  e l e c t r o n i c  t r a n s i t i o n  moment 
i n  e q u a t io n  (3 4 ) v a n is h e s  o r  i s  n o n - v a n is h in g ,  w here x  sy m b o liz e s  t h e  
t h r e e  C a r te s ia n  c o o r d in a te s ,  x ,  y ,  and  z .  T h is  d e te r m in a t io n  i s  e a s i l y  
made by th e  m ethods o f  g ro u p  t h e o r y .  A c u r s o r y  know ledge o f  g ro u p  th e o iy  
and i t s  a p p l i c a t i o n  t o  s p e c tro s c o p y  i s  assum ed i n  t h e  f o l lo w in g  d e r iv a ­
t i o n s .  The m ethods em ployed do n o t  r e q u i r e  a n  i n t im a te  know ledge o f  
t h e  s u b je o t  and  may be  e a s i l y  a c q u i r e d  from  an y  one o f  s e v e r a l  good 
p a p e rs  on t h e  s u b je c t  ( 4 8 ) ( 5 0 ) ( 5 1 ) •  The d e te r m in a t io n  o f  w h e th e r  t h e  
e l e c t r o n i c  t r a n s i t i o n  moment i n t e g r a l  v a n is h e s  o r  d o es  n o t v a n is h  i s  
made in  t h e  f o l lo w in g  w ay . I t  c a n  be  p ro v ed  (5 2 ) t h a t  t h e  e l e c t r o n i c  
t r a n s i t i o n  moment w i l l  be n o n -v a n is h in g  o n ly  i f  t h e  d i r e c t  p ro d u c t o f  
t h e  t r a n s f o r m a t io n  p r o p e r t i e s  o f  th e  s e p a r a t e  f a c t o r s  c o n ta in s  t h e  t o t a l l y  
sy m m e tr ic a l r e p r e s e n t a t i o n .  I t  can  be f u r t h e r  p ro v ed  t h a t  t h i s  i s  t h e  
same a s  th e  re q u ire m e n t t h a t  t h e  d i r e c t  p ro d u c t  o f  th e  r e p r e s e n t a t i o n s  
b e lo n g in g  t o  t h e  i n i t i a l  and  f i n a l  s t a t e  s h o u ld  c o n ta in  t h e  r e p r e s e n ­
t a t i o n  w h ich  t r a n s f o r m s  u n d e r  t h e  o p e r a t io n s  o f  t h e  g roup  i n  t h e  same 
way a s  one o r  more o f  t h e  d i r e c t i o n  com ponents o f e l e c t r i c  d ip o le  moment. 
T h is  p ro c e s s  w i l l  be d e m o n s tra te d  by  a c t u a l  exam ples i n  S e c t io n  7 .3 .2 .
The d e r iv a t io n s  w i l l  n e c e s s i t a t e  t h e  u s e  o f  t h e  g roup  c h a r a c t e r  
t a b l e s  o f  t h e  Cl h , C2v , C ^ y ,  and  Dooh sym m etry p o in t  g ro u p s . As a  
m a t te r  o f  c o n v e n ie n c e , a l l  f o u r  t a b l e s  a r e  g iv e n  i n  F ig u re  18 , a l th o u g h
th e  C ,, and C t a b l e s  w i l l  n o t b e  n eed ed  u n t i l  S e c t io n  7 * 3 .4 . The l h  oov
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t a b l e s  a s  g iv e n  h e r e  have i n  some c a s e s  b e e n  changed  s l i g h t l y  from  th e  
fo rm  i n  w h ich  th e y  u s u a l l y  a p p e a r  i n  t h e  l i t e r a t u r e  and  i n  t e x t s .  So 
t h a t  t h e r e  w i l l  be  no c o n fu s io n ,  t h e  c o o r d in a te  sy stem s u sed  a r e  i l l u s ­
t r a t e d  i n  a l l  c a s e s .
7 .S .2  S e l e c t io n  R u le s  f o r  T r a n s i t io n s  O c c u rr in g  Between Two S t a t e s  
Each o f  TNhioh h a s  Symmetry
S e c t io n  7 .3 .1  c o n ta in e d  a d e s c r i p t i o n  o f  th e  g e n e r a l  m ethod o f 
u s in g  g roup  th e o r y  t o  d e r iv e  s e l e c t i o n  r u l e s .  I n  t h i s  s e c t i o n ,  th e  
g e n e r a l  m ethod d e s o r ib e d  th e r e  w i l l  be u sed  t o  d e r iv e  t h e  s e l e c t i o n  
r u l e s  f o r  t r a n s i t i o n s  o c c u r r in g  be tw een  two s t a t e s  ea c h  h a v in g  Dooh 
sym m etry . The u s e  o f  t h i s  g e n e r a l  m ethod i s  b e s t  i l l u s t r a t e d  by  th e  
c o n s id e r a t i o n  o f  some a c t u a l  e x a m p le s . Suppose i t  i s  d e s i r e d  t o  d e t e r ­
m ine w h e th e r  a  t r a n s i t i o n  b e tw een  th e  5  and  ^  s t a t e s  o f  a  m o le c u le
^ —6 ^ —u
h a v in g  sym m etry i s  fo rb id d e n  o r  a l lo w e d . A r e f e r e n c e  t o  t h e  c h a r a c te r
t a b l e  o f  t h e  sym m etry p o in t  g roup  (g iv e n  i n  F ig .  18) w i l l  show t h a t
t h e  d i r e c t  p ro d u c t o f  th e s e  tw o r e p r e s e n t a t i o n s  o f  th e  p o in t
_ — +
group  i s  t h e  r e p r e s e n t a t i o n .  I t  i s  se e n  from  t h e  c h a r a c t e r  t a b l e  
■ +
t h a t  t h e  ^ _ u  r e p r e s e n t a t i o n  t r a n s f o r m s  u n d e r  t h e  o p e r a t io n s  o f  th e
g ro u p  i n  t h e  samBway a s  th e  z com ponent o f  e l e c t r i c  d ip o le  moment o f  th e
m o le c u le .  T h u s, we co n o lu d e  t h a t  th e  t r a n s i t i o n  b e tw een  t h e  y  and
6
^  s t a t e s  o f  a  m o le c u le  h a v in g  sym m etry i s  a l lo w e d , and  p o la r i z e d
i n  t h e  z d i r e c t i o n .  S in ce  th e  i n t e r n u c l e a r  a x i s  i s  a lo n g  th e  z a x i s  
a c c o rd in g  t o  t h e  c o n v e n tio n  u sed  h e r e ,  t h e  t r a n s i t i o n  i s  s a id  t o  g iv e  
r i s e  t o  " p a r a l l e l  p o la r i z e d "  b a n d s . As a  second  exam ple , c o n s id e r  th e  
t r a n s i t i o n  o c c u r r in g  betw een  t h e  and- en e rg y  s t a t e s  o f  a  m o lecu le
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p o s s e s s in g  Dogh sym m etry . The d i r e c t  p ro d u c t i n  t h i s  o ase  i s  t h e  
TTs r e p r e s e n t a t i o n .  S in c e  t h e r e  a r e  no d i r e c t i o n  com ponents o f  e l e c ­
t r i c  d ip o le  moment o f  t h e  m o le c u le  w h ich  t r a n s f o r m  u n d e r  th e  o p e r a t io n s
and  r r u s t a t e s  o f  a  m o le c u le .  The d i r e c t  p ro d u c t i n  t h i s  c a s e  i s  th e
d ip o le  m om ent. T h e r e f o re ,  t h e  t r a n s i t i o n  i n  q u e s t io n  i s  a llo w e d  and  
p o la r i z e d  i n  x  and y  d i r e c t i o n s .  I t  i s  s a id  t o  g iv e  r i s e  t o  " p e rp e n d i­
c u l a r l y  p o la r i z e d "  h a n d s .
U sing  th e  same p ro c e d u re  f o r  a l l  p o s s ib le  c o m b in a tio n s  o f  e n e rg y  
s t a t e s ,  t h e  e n t i r e  s e t  o f  s e l e c t i o n  r u l e s  f o r  t h i s  p a r t i c u l a r  c a s e  may 
be fo u n d . The fo l lo w in g  t a b l e  g iv e s  th e  s e l e c t i o n  r u l e s  f o r  t r a n s i t i o n s  
betw een  two s t a t e s  e a c h  h a v in g  Dooh sym m etry . The l e t t e r  p d e n o te s  t h a t  
th e  p a r t i c u l a r  t r a n s i t i o n  i s  a llo w e d  and g iv e s  r i s e  t o  p e r p e n d ic u la r ly  
p o la r i z e d  b a n d s .  The l e t t e r  n d e n o te s  t h a t  th e  p a r t i c u l a r  t r a n s i t i o n  
i s  a llo w ed  and  g iv e s  r i s e  t o  p a r a l l e l  p o la r i z e d  b a n d s . The a b sen ce  o f  
a  l e t t e r  d e n o te s  t h a t  th e  t r a n s i t i o n  i s  e l e c t r o n i c a l l y  f o r b id d e n .
o f  t h e  group th e  t r a n s i t i o n  i s  fo rb id d e n
As a  f i n a l  ex am p le , c o n s id e r  th e  t r a n s i t i o n  o c c u r r in g  be tw een
w hich  t r a n s f o r m s  l i k e  th e  x  and y  com ponents o f
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An e x a m in a tio n  o f  th e  above t a b l e  w i l l  show t h a t  b o th  t h e  t r a n s i t i o n s
and
n ;
■3
a r e  fo rb id d e n ,  a s  was t o  be p ro v e d .
7 .3 .3  S e le c t io n  R u le s  f o r  T r a n s i t i o n s  O c c u rr in g  B etw een A S ta t e  
h a v in g  Symmetry and a  S t a t e  H av in g  C2v Symmetry—
MC o n v e n tio n a l” M ethod 
The t i t l e  o f  t h i s  s e c t i o n  i s  somewhat m is le a d in g ,  f o r  i t  w as p o in t e d
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o u t i n  S e c t io n  7 .2  t h a t  i f  t h e  F ranck-C ondon  p r i n c i p l e  i s  assum ed t o  
h o ld ,  a s  i t  i s  i n  t h e  c o n v e n t io n a l  m ethod o f  d e r iv i n g  s e l e c t i o n  r u l e s ,  
i t  i s  im p o s s ib le  t o  t r e a t  t h i s  c a s e  i n  a r ig o r o u s  m an n er. H ow ever, i f  
we c o n s id e r  th e  g round  s t a t e  o f  t h e  m o le c u le  t o  be defo rm ed  b y  i t s  b en d ­
in g  v i b r a t i o n a l  mode i n t o  a  n o n - l i n e a r  c o n f ig u r a t io n  a t  t h e  i n s t a n t  o f  
t r a n s i t i o n ,  th e n  we c a n  t r e a t  t h i s  c a s e ,  a l b e i t  n o t  e n t i r e l y  s a t i s f a c t o r i l y .
B efo re  p ro c e e d in g  w i th  t h e  a c t u a l  d e r i v a t i o n  o f  t h e  s e l e c t i o n  r u l e s ,  
i t  i s  n e c e s s a ry  t o  d e te rm in e  w i th  w hich  r e p r e s e n t a t i o n s  o f  th e  Cgv  
sym m etry p o in t  g ro u p  th e  v a r io u s  s t a t e s  o f  th e  ^  p o in t  g ro u p  c o r r e l a t e  
upon b e in g  defo rm ed  i n t o  n o n - l i n e a r ,  s y m m e tr ic a l sym m etry by  t h e  v i b r a ­
t i o n a l  m ode. T h is  i s  v e ry  e a s i l y  done i n  t h e  fo l lo w in g  w ay . The D ^ h
sym m etry p o in t  g roup  h a s  a  h ig h e r  sym m etry th a n  th e  Cgv  p o in t  g ro u p , a n d ,
i n  f a c t ,  c o n ta in s  th e  Cgv  g ro u p  a s  a  su b g ro u p . Thus a l l  f o u r  o p e r a t io n s  
o f  t h e  CgT g ro u p  w i l l  be fou n d  among t h e  s i x  o p e r a t io n s  o f  t h e  D ^ ^  
g ro u p . The g roup  c h a r a c t e r  t a b l e s  o f  t h e s e  tw o g ro u p s  have b e e n  p r e s e n te d  
i n  F ig u re  18 i n  su ch  a  fo rm  t h a t  th e  fo u r  o p e r a t io n s  o f  th e  Cg^ g ro u p  
c o rre sp o n d  r e s p e c t i v e l y  w i th  t h e  f i r s t  f o u r  o p e r a t io n s  l i s t e d  i n  t h e  
Dooh group  c h a r a c t e r  t a b l e .  T h a t i s  t o  s a y ,
E o f  Cgv  c o rre s p o n d s  t o  E o f  Dooh 
Cg o f  Cgy c o r re s p o n d s  t o  Cg o f  Dooh
d"v  o f  C2 t  c o r re s p o n d s  t o  6 h  o f  Dooh
6'^ o f  Cgy c o r re s p o n d s  t o  d’v  o f  D ^ ^
Thus we see  t h a t  when a  m o le c u le  o f  D ^ ^  sym m etry goes o v e r  i n t o  t h e  
lo w er sym m etry C2 y ,  t h e r e  i s  a  d i r e c t  c o r r e l a t i o n  b e tw een  th e  i r r e d u c i b l e
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r e p r e s e n t a t i o n s  o f  th e  tw o sym m etry p o in t  g ro u p s , w i th  th e  tw o fo ld  
d e g e n e ra te  r e p r e s e n t a t i o n s  o f  D ^ h  t r a n s f o r m in g  o v e r  i n t o  r e d u c ib le  
Cgv r e p r e s e n ta t io n s *  T hese r e d u c ib le  r e p r e s e n t a t i o n s  can  be  r e s o lv e d  i n t o  
t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  by in s p e c t i o n .  The r e s u l t s  o f  t h i s  c o r r e ­
l a t i o n  a r e  a s  fo llo w s*
+
\  o f  c o r r e l a t e s  w i th  A^ o f  CgT
g
\  o f  DqoJj c o r r e l a t e s  w ith  o f  Cgv
L— g
> o f  Dgoh c o r r e l a t e s  w i th  B2  o f  C2 V
*  ■ 11
\  o f  Dooh c o r r e l a t e s  w i th  A2  o f  Cgv  
L— u
_ o f  Dooh c o r r e l a t e s  w i th  Ag and  Bg o f  CgT 
g
o f  Dooh c o r r e l a t e s  w i th  A]_ and B^ o f  C2V
T T u
o f  D ^ h  c o r r e l a t e s  w i th  A^ and B^ o f  CgT
g
o f  Dooh c o r r e l a t e s  w i th  Ag and Bg o f  Cg^.Au
I t  w as p r e v io u s ly  s t a t e d  i n  S e c t io n  4 t h a t  th e 'f '”"”]^ an  a A  u s t a t e 8 
o f  Dooh sym m etry b o th  c o r r e l a t e  w ith  th e  Agsnd Bg s t a t e s  o f  Cgv  sym m etry. 
The fo re g o in g  c o n s t i t u t e s  a  p ro o f  o f  t h i s  p o i n t .
Now t h a t  th e  c o r r e l a t i o n s  h av e  b een  w orked o u t ,  t h e  d e r i v a t i o n  o f  
t h e  s e l e c t i o n  r u l e s  may p ro c e e d  i n  a  s t r a ig h t f o r w a r d  m an n er. An exam ple
■will s e rv e  t o  i l l u s t r a t e  th e  m ethod u s e d .  Suppose i t  i s  d e s i r e d  t o  f in d
w i th  t h e  A^ s t a t e  o f  CgT « T hus, we now c o n s id e r  th e  t r a n s i t i o n  from  th e
^A^ s t a t e  o f  Cg^. t o  th e  Bg s t a t e  o f  C2 V» U sing  th e  m ethod a s  p r e v io u s ly
o u t l i n e d  i n  S e c t io n  7 .8 .1  and  7 .3 .2  and t h e  C2v group c h a r a c te r  t a b l e  i n  
F ig u re  18 , we f in d  t h a t  t h e  t r a n s i t i o n  betw een  th e s e  two s t a t e s  i s  
a l lo w e d , and  p o la r i s e d  i n  t h e  s d i r e c t i o n .
The e n t i r e  s e t  o f  s e l e c t i o n  r u l e s  f o r  t r a n s i t i o n s  from  a  l i n e a r  
sy m m e tr ic a l s t a t e  t o  a  n o n - l i n e a r  sy m m e tr ic a l s t a t e  h a s  b een  w orked o u t 
i n  t h e  above w ay, and  th e  r e s u l t s  t a b u la t e d  i n  th e  fo l lo w in g  t a b l e .  The 
l e t t e r  X, Y, o r  Z d e s ig n a te s  t h a t  th e  p a r t i c u l a r  t r a n s i t i o n  i s  a llo w e d
and  g iv e s  r i s e  t o  ban d s p o la r i z e d  i n  t h e  x ,  y ,  o r  z d i r e c t i o n ,  r e s p e c t i v e l y .
The a b se n c e  o f  a  l e t t e r  i n d i c a t e s  t h a t  th e  t r a n s i t i o n  i s  f o rb id d e n .
t h e  s e l e c t i o n  r u l e  f o r  t h e  t r a n s i t i o n  from  th e  ground  s t a t e  o f
Dooh sym m etry t o  t h e  ^Bg e x c i te d  s t a t e  o f  Cgv  sym m etry. The c o r r e l a t i o n  
t a b l e  on t h e  p re v io u s  page t e l l s  u s t h a t
)  
1
-  1S5
UPPER
STATES A2 Bj  Bg
X
X,Y X,Y
X,Y
X»Y
2 X,Y 2
Z X,Y Z
X,Y Z X,Y
I t  w i l l  be n o te d  from  t h e  above t a b l e  t h a t  th e  t r a n s i t i o n
E B ,
i s  e l e c t r o n i c a l l y  a l lo w e d , b u t  th a t  th e  t r a n s i t i o n
A*
i s  e l e c t r o n i c a l l y  f o rb id d e n .  T hese r e s u l t s  a r e  th e  same a s  M u llik e n  
o b ta in s  i n  h i s  p a p e r  ( 3 5 ) .  I n  t h e  n e x t s e c t io n  we s h a l l  c o n s id e r  a 
d i f f e r e n t  m ethod o f  d e r iv in g  th e  s e l e c t i o n  r u l e s  o f  th e  above tw o t r a n s i*  
t i o n s  w h ich  i s  much more r ig o r o u s  and c o r r e c t .
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7 * 3 .4  S e l e c t io n  R u le s  f o r  T r a n s i t i o n s  O c c u rr in g  Betw een A S t a t e  h a v in g  
Dooh Symmetry and  a  S ta t e  h a v in g  C£v  Symmetry T ak in g  i n t o  Con-
T h is  s e c t i o n  w i l l  p r e s e n t  a  m a th e m a tic a l ly  r ig o r o u s  t r e a tm e n t  o f  
th e  e l e c t r o n i c  s e l e c t i o n  r u l e s  f o r  t r a n s i t i o n s  o o c u r r in g  from  th e
s t a t e s  o f  a m o le c u le  h a v in g  Cgv  sym m etry w hich  c o r r e l a t e  w ith  th e  
s t a t e  o f  Dooh* an<* ^2  a n ^ ®2 s 't’a ‘ke s  a  m o le c u le  h a v in g  Cgv
The p r o b a b i l i t y  o f  e x c i t i n g  a  g iv e n  s t a t e ,  by  means o f  r a d i a t i o n  
i n t e r a c t i o n ,  i s  p r o p o r t i o n a l  t o  t h e  sum o f  th e  s q u a re s  o f  t h r e e  i n t e g r a l s  
w h ich  a r e  th e  r e s p e c t iv e  m a tr ix  e le m e n ts  o f  th e  t h r e e  com ponents o f  e l e c ­
t r i c  d ip o le  moment. (S ee  Eq. ( 2 5 ) ) .  The p r o b a b i l i t y  t h a t  t h e  same 
e x c i t a t i o n  w i l l  be b ro u g h t a b o u t by e l e c t r o n  im p a c t i s  p r o p o r t i o n a l  t o  
t h i s  same q u a n t i ty  i n  t h e  l i m i t i n g  c a se  i n  w h ich  A P = 0 ,  and t h i s  i s  
t h e  o n ly  c a s e  w h ich  w i l l  be t r e a t e d  h e r e .  A l l  s e l e c t i o n  r u l e s  m u s t, 
t h e r e f o r e ,  be d e d u c ib le  d i r e o t l y  fro m  th e s e  i n t e g r a l s .  T h is  i s  done 
i n  th e  f o l lo w in g  t r e a tm e n t .  The d evelopm en t i s  d iv id e d  i n t o  t h r e e  s t a g e s .  
I n  t h e  f i r s t  s t a g e ,  w h ich  fo l lo w s  im m e d ia te ly , c e r t a i n  p e r t i n e n t  f a c t s  
c o n c e rn in g  th e  n a tu r e  o f  th e  in te g r a n d  o f  th e  d ip o le  moment i n t e g r a l s  
a r e  sum m arized e x p l i c i t l y .  The a p p r o p r ia te  sym m etry g roup  f o r  th e  
e l e c t r o n i c  wave f u n c t io n s  th a n  becom es e v id e n t  a t  once and  e l e c t r o n i c  
s e l e c t i o n  r u l e s  a r e  d e r iv e d  w h ich  a p p ly  f o r  a l l  n u c le a r  p o s i t i o n s .
T hese a r e  to o  g e n e ra l  t o  be  o f much v a lu e  s in c e  th e y  in c lu d e  caseB  i n
s i d e r a t i o n  V io la t io n s  o f  t h e  F ranck-C ondon P r i n c i p l e 1
ground  s t a t e  o f  a  m o le c u le  h a v in g  symmetry t o  t h e  *Ag and
symmetry w h ic h  c o r r e l a t e  w i th  t h e  V \  s t a t e  o f
I  w ish  t o  acknow ledge th e  g r e a t  am ount o f  a id  and a s s i s t a n c e  a f fo rd e d  
me b y  D r. E . N. L a s s e t t r e  i n  th e  p r e p a r a t io n  o f  t h i s  s e c t i o n .
w h ich  th e  d is p la c e m e n t from  th e  e q u i l ib r iu m  p o s i t i o n s  o f  t h e  ground  
s t a t e  a r e  l a r g e ,  w h ereas  th e  c a s e  o f  a  s m a ll  d is p la c e m e n t i s  more im­
p o r t a n t .  I n  th e  second  s ta g e  o f  t h e  t r e a tm e n t ,  a  r a t h e r  lo n g  d e s c r ip ­
t i o n  o f  th e  n u c le a r  c o o r d in a te s  w h ich  a r e  a p p r o p r ia te  f o r  t h e  i n t e g r a ­
t i o n  o v e r t h e  n u c le a r  c o o r d in a te s  i s  g iv e n .  The v i b r a t i o n a l  wave 
f u n c t io n s  a p p r o p r ia te  t o  t h e  t r e a tm e n t  a r e  d e s c r ib e d  and  f i n a l l y  th e  
i n t e g r a t i o n  o f t h e  r o t a t i o n a l ,  o r  r a t h e r ,  t h e  a n g u la r ,  v a r i a b l e s  i s  
p e rfo rm e d . I n  th e  t h i r d  s t a g e ,  a  more d e t a i l e d  t r e a tm e n t  o f th e  e l e c ­
t r o n i c  t r a n s i t i o n  moment i s  g iv e n  by  ex p an d in g  t h e  e l e c t r o n i c  wave 
f u n c t io n s  i n  a  pow er s e r i e s  i n  t h e  n u c le a r  c o o r d in a te s ,  and  c a r r y in g  
t h e  e x p a n s io n  th ro u g h  t h e  l i n e a r  te r m s .  T h is  b e in g  d o n e , t h e  e l e c t r o n i c  
s e l e c t i o n  r u l e s  f o r  th e  tw o c a s e s  o f  i n t e r e s t  h e re  a r e  d e r iv e d  u s in g  
th e  expanded fo rm s o f  th e  wave f u n c t i o n s .  The r e s u l t s  o f  t h i s  l a s t  
s te p  have a l r e a d y  been  a p p l ie d  i n  S e c t io n  6 i n  m aking th e  a s s ig n m e n ts  
o f  o b se rv e d  p e a k s  t o  d e f i n i t e  t r a n s i t i o n s .
7 .3 .4 * 1  G e n e ra l C o n s id e ra t io n  o f  E l e c t r o n i c  S e le c t io n  R u le s
I n  e q u a t io n  ( 3 4 ) ,  th e  i n t e g r a t i o n  in v o lv e d  i n  t h e  e l e c t r o n i c  t r a n s i ­
t i o n  moment e x te n d s  o n ly  o v e r  t h e  e l e c t r o n i c  c o o r d in a te s  q .  F o r b r e v i t y ,  
t h i s  q u a n t i t y  was d e s ig n a te d  by f  (Q) w here th e  Q i n  p a r e n t h e s i s  c a l l s  
a t t e n t i o n  e x p l i c i t l y  t o  t h e  f a c t  t h a t  t h e  e l e c t r o n i c  t r a n s i t i o n  moment 
d e p e n d s , a f t e r  i n t e g r a t i o n  o v e r  q , o n ly  on th e  c o o r d in a te s  Q. Then by 
d e f i n i t i o n
q
I t  i s  im p o r ta n t  t o  n o te  t h a t  t h e  i n t e g r a t i o n  i n  (3 6 ) e x te n d s  o n ly  o v e r 
th e  e l e c t r o n i c  c o o r d in a te s .  The i n t e g r a t i o n  i n  (3 5 ) e x te n d s  o n ly  o v e r
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th e  n u c le a r  c o o r d in a te s .
I f ,  f o r  any  p a r t i c u l a r  t r a n s i t i o n ,  f  (Q) v a n is h e s  f o r  a l l  v a lu e s
X6
o f  th e  n u c le a r  c o o r d in a te s  Q th e n  o b v io u s ly  Jx^ j  v a n is h e s  and  th e  t r a n s i ­
t i o n  i s  fo rb id d e n  no m a t te r  -what v i b r a t i o n a l  o r  r o t a t i o n a l  s t a t e s  may 
be in v o lv e d .  I n  th e  c a se  o f  d ia to m ic  m o le c u le s  t h i s  s u t i a t i o n  f r e q u e n t ­
l y  a r i s e s  and su ch  t r a n s i t i o n s  may p r o p e r ly  be r e f e r r e d  t o  a s  " e l e c t r o n i ­
c a l l y  f o r b id d e n " .  We w ish  t o  in q u i r e  i n t o  t h e  q u e s t io n  o f  w h e th e r  
t r a n s i t i o n s  e x i s t  f o r  c a rb o n  d io x id e  f o r  w h ich  (3 6 ) v a n is h e s  f o r  a l l  
v a lu e s  o f  Q.
I n  a t te m p tin g  t o  an sw er t h i s  q u e s t io n  th e  m ethods o f  g roup  th e o r y  
a r e  t o  be a p p l ie d  t o  -w hatever d e g re e  i s  p o s s i b le  i n  th e  p a r t i c u l a r  
p ro b lem  a t  h an d . F or t h i s  p u rp o se  th e  i n t e g r a l  (36 ) m ust be more 
c a r e f u l l y  c o n s id e r e d .  We n o te  f i r s t  t h a t  t h e  n u c le a r  p o s i t i o n s  on 
w h ich  and  depend a re  e x a c t ly  th e  sam e. T h is  i s  th e
l o g i c a l  co n seq u en ce  o f t h e  d e r i v a t i o n  o f  th e  e q u a t io n  f o r  t r a n s i t i o n  
p r o b a b i l i t i e s .  T h is  can  be  made c l e a r  m ost e a s i l y  by  t r a c i n g  th ro u g h  
th e  d e r iv a t io n  o f  e q u a t io n  ( 2 5 ) .  T h is  e q u a t io n  can  be r e a d i l y  deduced 
when th e  p o s i t i o n s  o f  a l l  p a r t i c l e s  a r e  r e f e r r e d  b ack  t o  th e  same 
c o o rd in a te  sy s tem . 1/Vhen t h i s  i s  done th e  c o o r d in a te s  w hich  a p p e a r  in  
th e  m a tr ix  e lem en t i n t e g r a l  a re  e x a c t ly  th e  same f o r  b o th  and ^ m. 
Hence th e  p a r t i c l e  p o s i t i o n s  a r e  t h e  same f o r  th e  tw o f u n c t i o n s .  N o th in g  
a p p e a rs  i n  th e  su b se q u e n t s ta g e s  be tw een  e q u a t io n s  (25 ) and  (3 5 ) t o  
change t h i s  f a c t .  T h is  e le m e n ta ry  p o in t  i s  em phasized  h e re  b e c a u se  i n  
o th e r  p rob lem s th a n  th e  t r e a tm e n t  o f  t r a n s i t i o n  p r o b a b i l i t i e s ,  
d i f f e r e n t  c o o rd in a te  sy stem s may be em ployed i n  th e  t r e a tm e n t  o f  t h e  
n u c le a r  m o tio n  i n  two e l e c t r o n i c  s t a t e s .
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We a r e  now i n  p o s i t i o n  t o  c o n s id e r  t h e  e f f e c t  o f  v a r io u s  sym m etry 
o p e r a t io n s  on th e  e l e c t r o n i c  w are f u n c t i o n s .  I n  d e c id in g  w h e th e r  th e  
i n t e g r a l  (3 6 ) v a n is h e s  o r  n o t we a r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  know ing 
how th e  e l e c t r o n i c  wave f u n c t io n s  change when s u b je c te d  t o  t r a n s fo rm a ­
t i o n s  w hich  a f f e c t  o n ly  th e  e l e c t r o n i c  c o o r d in a te s  s in c e  th e s e  a r e  th e  
o n ly  c o o r d in a te s  o v e r  w h ich  th e  i n t e g r a t i o n  e x te n d s  i n  ( 3 6 ) .  The e l e c ­
t r o n i c  wave f u n c t io n s  a r e  s o lu t io n s  t o  th e  fo llo w in g  e ig e n -v a lu e  
e q u a t io n
He(q .Q ) ^ e ( q . Q )  “  We (Q) (f ' e (q ,Q ) (3 7 )
The group  o f  t h e  e q u a t io n  (37) c o n s t i t u t e s  t h e  c o l l e c t i o n  o f  sym m etry 
o p e r a t io n s  on th e  e l e c t r o n s ,  Q f ix e d ,  w h ich  le a v e s  He i n v a r i a n t .  T h is  
s e t  o f  o p e r a t io n s  depends on th e  n u c le a r  p o s i t i o n s .  I f  t h e  c o o rd in a te s  
o f  th e  n u c le i  a r e  su ch  t h a t  th e  n u c le i  d e f in e  a  sy m m e tric a l c o n f ig u r a ­
t i o n ,  th e n  th e  d e s i r e d  sym m etry o p e r a t io n s  a r e  th o s e  w h ich  le a v e  t h i s  
c o n f ig u r a t io n  i n v a r i a n t .  I t  m ust be  em p h asized , how ever, t h a t  th e  t r a n ­
s i t i o n  p r o b a b i l i t y  depends on th e  i n t e g r a l  (35 ) and i n  t h e  p ro c e s s  o f 
i n t e g r a t i n g  o v e r t h e  n u c le a r  c o o r d in a te s ,  a l l  n u c le a r  p o s i t i o n s  m ust be 
co v e re d  r e g a r d l e s s  o f  t h e i r  sym m etry. We c a n n o t ig n o re  th o s e  n u c le a r  
p o s i t i o n s  itfiose sym m etry i s  l e s s  th a n  Cgv* I n  f a o t ,  su ch  u h sy m m e trica l 
c o n f ig u r a t io n s  c o n s t i t u t e  t h e  l a r g e s t  dom ain o f  th e  i n t e g r a l  (3 5 ) and 
th e y  can  c e r t a i n l y  n o t  be o v e r lo o k e d . I t  i s  s u r e ly  n o t  enough t o  con­
s i d e r ,  a s  M u llik e n  h a s  done i n  h i s  " c o n v e n t io n a l” t r e a tm e n t ,  t h a t  th e  
m ost sy m m e trica l a rra n g e m e n ts  o f  n u c le i  i n  th e  i n i t i a l  and f i n a l  s t a t e s  
a r e  a d e q u a te  f o r  t h e  d e te r m in a t io n  o f  t r a n s i t i o n  p r o b a b i l i t i e s .  I n ­
s te a d ,  e q u a t io n  (35 ) t e l l s  u s  t h a t  a l l  n u c le a r  p o s i t i o n s  m ust be c o v e re d  
i n  p e rfo rm in g  t h e  i n t e g r a t i o n .
We a re  i n q u i r in g  i n t o  th e  q u e s t io n  o f  w h e th e r  f  (Q) v a n is h e sX9
f o r  a l l  Q. I f  any  v a lu e s  o f  Q can  he  found  f o r  w h ich  i t  d o es  n o t  v a n is h ,  
th e n ,  o b v io u s ly ,  t h e  answ er i s  i n  t h e  n e g a tiv e #  From p re v io u s  e x p e r ie n c e  
i t  i s  s t r o n g ly  s u g g e s te d  t h a t  a n  i n t e g r a l  su ch  a s  (3 6 ) i s  l e a s t  l i k e l y  
t o  v a n is h  when th e  n u c le i  h ave  th e  p o s i t i o n s  o f  minimum sym m etry. The 
minimum sym m etry p ro v id e d  by tw o oxygen n u c l e i  and one ca rb o n  n u c le u s  
i s  t h a t  f o r  w hich  th e  sy stem  h a s  one p la n e  o f  sym m etry. The group 
c o n s i s t s  th e n  o f  t h e  i d e n t i t y  o p e r a to r  and a  r e f l e c t i o n  o p e r a to r ,  
w h ich  w i l l  be re c o g n iz e d  a s  t h e  sym m etry p o i n t  group C ^ .  The g ro u p  
c h a r a c te r  t a b l e  was p r e s e n te d  i n  F ig u re  18 , b u t  w i l l  be  r e p e a te d  h e re  
f o r  th e  sake o f  co n v e n ie n c e s
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F o r th e  p u rp o se  o f  e v a lu a t in g  t h e  m a tr ix  e le m e n ts  o f  e l e c t r i o  d ip o le  
moment, we have  t o  c o n s id e r  i n  t u r n  t h r e e  com ponents o f  t h e  d ip o le  
moment v e c t o r .  T hese may be r e f e r r e d  t o  any  t h r e e  a x e s .  L e t /A 
be th e  com ponent p e r p e n d ic u la r  t o  t h e  p la n e  o f  t h e  m o le c u le  and l e t  JLA 
and ^ z  be p a r a l l e l  t o  th e  p la n e  o f  t h e  m o le c u le .  Then /A  b e lo n g s  toy
th e  i r r e d u c i b l e  r e p r e s e n t a t i o n  A” , w h ile  and  /A  b e lo n g  t o  th e  
i r r e d u c i b l e  r e p r e s e n t a t i o n  A*. The ground  s t a t e  wave f u n c t io n  m ust 
c e r t a i n l y  b e lo n g  t o  A’ and we c o n s id e r ,  i n  t u r n ,  tw o c a s e s .  I n  th e  
f i r s t  c a s e ,  t h e  e x c i te d  s t a t e  wave f u n c t io n  b e lo n g s  t o  A’ * Then th e  
in te g r a n d  o f  (3 6 ) b e lo n g s  t o  A’ when t h e  com ponent o f  d ip o le  moment i s
o r / < z  and t h e  i n t e g r a l  i s  n o n -v a n is h in g .  The in te g r a n d  b e lo n g s  t o
A” 'when i s  c o n s id e re d  and  th e  i n t e g r a l  v a n i s h e s .  I n  th e  seco n d  c a s e
l e t  t h e  e x c i t e d  s t a t e  b e lo n g  t o  AM.  Then t h e  m a tr ix  e le m e n ts  o f
a n d //< z v a n is h  b u t  t h a t  o f /* * y  does n o t .  Hence one o f  th e  t h r e e  f u n c t io n s
f „ „ .  f.r„» f - «  d o es  n o t  v a n is h  f o r  a l l  v a lu e s  o f  Q and  no t r a n s i t i o n  i s  x© y© 29
e l e c t r o n i c a l l y  f o r b id d e n ,  a t  l e a s t  n o t  i n  a c c o rd a n c e  w i th  t h e  d e f i n i t i o n  
a d o p te d  h e r e .  T h is  r e s u l t  a p p l i e s  e x a c t l y ,  b u t  i s  n o t v e ry  u s e f u l  i n  
r e s t r i c t i n g  th e  v a r io u s  p o s s i b i l i t i e s  w h ich  a r i s e .  T h is  can  be d o n e , 
how ever, by  e x p a n d in g  f xe  i n  a  power s e r i e s  i n  th e  Q 's  and in q u i r in g  
i n t o  t h e  q u e s t io n  o f  w h e th e r  th e  v a r io u s  te rm s  i n  t h e  e x p a n s io n  v a n is h  
o r  a r e  n o n -v a n is h in g .  B efo re  p e r fo rm in g  t h i s  e x p a n s io n , how ever, i t  i s  
n e c e s s a ry  t o  c o n s id e r  th e  s e l e c t i o n  o f  n u c le a r  c o o r d in a te s  a p p r o p r ia te  
t o  th e  p ro b lem  and  a l s o  t o  c o n s id e r  t h e  n a tu re  o f  th e  wave f u n o t io n  
T h is  i s  done i n  t h e  fo l lo w in g  s e c t i o n .
7 .3 .4 .2  N u c le a r  C o o rd in a te s  and  Wave F u n c tio n s
Thus f a r ,  no a c c o u n t h a s  b een  t a k e n  o f  th e  f a c t  t h a t  t h e  e x c i te d  
s t a t e  may be one i n  -which t h e  e q u i l ib r iu m  n u c le a r  p o s i t i o n s  have 
sym m etry d i f f e r e n t  from  t h a t  o f  th e  g round  s t a t e .  T h is  comes i n t o  con­
s i d e r a t i o n  when we p ro c e e d  to  th e  n e x t s t e p ,  w h ich  in v o lv e s  i n t e g r a t i o n  
o v e r  th e  n u c le a r  c o o r d in a te s .  We now p ro c e e d  t o  c o n s id e r  t h i s  c a s e .
I n  th e  ca se  o f  d ia to m ic  m o le c u le s ,  a  v e ry  common a p p ro x im a tio n  i s  
t o  assum e t h a t  f x e , f y Q and f Z0 v a ry  so  s lo w ly  w i th  Q t h a t  th e y  may be 
t r e a t e d  a s  c o n s ta n t .  T h is  i s  n o t  a  good enough a p p ro x im a tio n  f o r  th e  
p r e s e n t  a p p l i c a t i o n  and  so t h e  f i r s t  p ro b lem  w h ich  a r i s e s  i s  t h a t  o f  
r e f i n i n g  th e  above a p p ro x im a tio n . The m ost o b v io u s  e x te n s io n  i s  
o b ta in e d  b y  e x p an d in g  ^xe* ^ye» an(  ^ **ze Power s e ri® s and  r e t a i n i n g
o n ly  th e  c o n s ta n t  and th e  l i n e a r  te r m s .  I t  seems p l a u s i b l e  t h a t  th e  
e x p a n s io n  sh o u ld  be made a ro u n d  th e  p o in t  c o r re s p o n d in g  t o  t h e  e q u i l i ­
b riu m  p o s i t i o n s  o f  t h e  n u c l e i  i n  t h e  ground  s t a t e .  T h is  fo l lo w s  b e c a u se  
th e  wave f u n c t io n  f o r  t h e  ground  s t a t e ,  c o n ta in s  a s  a  f a c t o r  th e
wave f u n c t io n  r e p r e s e n t in g  t h e  sy s tem  in  th e  lo w e s t e n e rg y  v i b r a t i o n a l  
s t a t e  and  t h i s  f u n c t io n  h a s  a  v e ry  sh a rp  maximum when t h e  n u c le a r  p o s i ­
t i o n s  a r e  th o s e  f o r  th e  e q u i l ib r iu m  c o n f ig u r a t io n .  I n  o r d e r  t h a t  th e  
m a tr ix  e le m e n t ,  and  hen ce  t h e  t r a n s i t i o n  p r o b a b i l i t y ,  sh o u ld  be l a r g e ,  
i t  i s  e s s e n t i a l  t h a t  t h e  p ro d u c t o f  th e  e x c i t e d  s t a t e  wave f u n c t io n
u / ' i  bv  f  , f  o r  f  sh o u ld  be  la r g e  f o r  some n u c le a r  p o s i t i o n s  w h ich  T N J xe * ye  r e  °
do n o t  g r e a t l y  d i f f e r  from  th e  ground  s t a t e  e q u i l ib r iu m  p o s i t i o n s .  O th e r­
w is e ,  t h e  m a tr ix  e le m e n t and th e  t r a n s i t i o n  p r o b a b i l i t y  w ould be sm a ll 
s in c e  T h  f xe w ould  be s m a ll  a t  a l l  n u c le a r  p o s i t i o n s .  T h is  a rg u m e n t, 
a l th o u g h  q u a l i t a t i v e ,  seems s e n s i b l e ,  e s p e c i a l l y  i n  v iew  o f  th e  s u c c e s s  
o f  a  r e l a t e d  argum ent em ployed i n  th e  t r e a tm e n t  o f  d ia to m ic  m o le c u le s .
T here  re m a in s  a  q u e s t io n  a s  t o  th e  c o o r d in a te s  t o  be  em ployed i n  
ex p an d in g  th e  f u n c t io n s  f x e » *ye* ^ze* ^ comp l i ca^ i oxl a r i s e s  b e c a u se  
o f  th e  f a c t  ( o r  a t  l e a s t ,  h y p o th e s is )  t h a t  th e  e q u i l ib r iu m  p o s i t i o n s  o f  
th e  n u c le i  i n  th e  u p p e r  s t a t e  a r e  n o n - l i n e a r  w h ile  i t  i s  known t h a t  th e  
n u c le i  l i e  on a  l i n e  i n  th e  g round  s t a t e .  H ence, i n  a c c o rd  w i th  th e  
u s u a l  t r e a tm e n t  o f  m o le c u la r  m o tio n s  t h e r e  a r e  t h r e e  i n t e r n a l  d e g re e s  
o f  freed o m  f o r  th e  u p p er s t a t e  and f o u r  f o r  t h e  lo w er s t a t e .  However, 
i t  h a s  b een  em phasized  p r e v io u s ly  t h a t  th e  wave f u n c t io n s  M i  
a r e  t o  be e x p re s s e d  i n  te rm s  o f  th e  same c o o r d in a te s .  Hence th e  c h o ic e  
o f  c o o r d in a te s  r e q u i r e s  f u r t h e r  d i s c u s s io n .  I n  o rd e r  t o  s e l e c t  t h e
c o o rd in a te s  m ost a p p r o p r ia te  t o  t h e  p r e s e n t  p ro b le m ^ i t  i s  n e c e s s a ry  t o  
re v ie w  b r i e f l y  t h e  c h o ic e  o f  c o o r d in a te s  w hich  i s  n o rm a lly  m ade, by 
o th e r  i n v e s t i g a t o r s ,  i n  th e  t r e a tm e n t  o f  v i b r a t i o n - r o t a t i o n  p roblem s*
I t  seems t o  be  th e  u n iv e r s a l  c o n v e n tio n  i n  th e  co n tem p o ra ry  t r e a t ­
ment o f  v i b r a t i o n - r o t a t i o n  p rob lem s t o  choose  a  sy stem  o f a x e s  w h ich  
a r e  f ix e d  i n  th e  m o lecu le  and  r o t a t i n g  w i th  th e  m o le c u le . The c o o r d in a te s  
em ployed have b een  v e ry  c l e a r l y  d e s c r ib e d  by W ilso n  and  Howard (5 3 ) 
f o r  th e  c a s e  o f  a  s e m i - r ig id  a ssy m m e tric  r o t a t o r .  The o r ig i n  o f  
c o o rd in a te s  i s  ch o sen  c o in c id e n t  w i th  th e  c e n t e r  o f  mass and  th e  x ,  y ,  z 
a x e s  a r e  p a r a l l e l  r e s p e c t i v e l y  to  th e  t h r e e  p r i n c i p a l  ax es  o f  i n e r t i a  
f o r  t h e  e q u i l ib r iu m  c o n f ig u r a t io n  o f  t h e  m o le c u le . The c h o ic e  o f  ax e s  
i s  a l s o  d is c u s s e d  by  N ie ls e n  i n  a  r e c e n t  re v ie w  (5 4 ) w h ich  a l s o  c o n ta in s  
r e f e r e n c e s  t o  th e  in t e r v e n in g  l i t e r a t u r e ,  a d e t a i l e d  d e s c r ip t i o n  o f  th e  
H a m ilto n ia n  f u n c t io n  (an d  o p e r a to r )  f o r  a  m o lecu le  o f  g e n e r a l  t y p e ,  a n  
a c c o u n t o f  th e  g e n e r a l  th e o r y  o f  v i b r a t i o n a l - r o t a t i o n a l  e n e rg y  s t a t e s  
f o r  m o le c u le s , and  a  re v ie w  o f  many s p e c i f i c  a p p l i c a t i o n s  by h im s e lf  
and by  o th e r s .  The d i r e c t i o n s  o f  a x e s ,  d e f in e d  i n  t h e  above m anner, 
a r e  unam biguous as  lo n g  a s  th e  t h r e e  p r i n c i p a l  moments o f  i n e r t i a  a r e  
u n e q u a l .  H ow ever, when tw o o r  more moments a r e  e q u a l o r  when one 
moment v a n is h e s ,  t h e  d i r e c t i o n s  o f  c e r t a i n  o f  th e  a x e s  become am biguous. 
The l a t t e r  c a se  p r e v a i l s  f o r  c a rb o n  d io x id e  i n  th e  g round  s t a t e .  F o r a 
l i n e a r  t r i a t o m i c  m o le c u le , th e  wave f u n c t io n  i s  a p p ro x im a te ly  e x p r e s s ib le  
a s  t h e  p ro d u c t o f  a  r o t a t i o n a l  by  a v i b r a t i o n a l  f u n c t io n  when t h e  m ole­
c u le  i s  c o n s id e re d  t o  have two r o t a t i o n a l  d e g re e s  o f  freed o m  and fo u r  
v i b r a t i o n a l  d e g re e s  o f  freed o m . L et t h e  norm al ( d is p la c e m e n t)  c o o r ­
d in a te s  f o r  th e  i n t e r n a l  ( v i b r a t i o n a l )  m o tio n  be  d e s ig n a te d  by
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Q p  Qg, Qg, Q^. Each o f  th e s e  i s  a  l i n e a r  c o m b in a tio n  o f  t h e  d i f f e r e n c e s  
o f  C a r te s ia n  c o o r d in a te s  o f  th e  n u c l e i  and  th e  c o r re s p o n d in g  C a r te s ia n  
c o o r d in a te s  o f  th e  e q u i l ib r iu m  n u c le a r  p o s i t i o n s .  One a x i s  o f  th e  
c o o rd in a te  sy s tem  i s  a lo n g  th e  i n t e r n u c l e a r  a x i s  and  th e  o th e r  tw o a r e  
p e r p e n d ic u la r  t o  i t .  The o r i g i n  i s  a t  t h e  c e n te r  o f  m ass . The norm al 
c o o r d in a te s  b e lo n g  t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  th e  sym m etry g ro u p , 
Dooh* 0ne no rm al c o o r d in a te ,  (Q^) b e lo n g s  t o  t h e  i r r e d u c i b l e  r e p r e s e n ­
t a t i o n  a n o th e r  (Qg) "the i r r e d u c i b l e  r e p r e s e n t a t i o n  w h ile  t h e
p a i r  Qg, Q4  b e lo n g  t o  T T u - L e t t h e  2  a x i s  l i e  a lo n g  th e  i n t e r n u c l e a r  
a x i s ,  and th e  x  and y  a x e s  b e  p e r p e n d ic u la r  t o  i t .  L e t Qg be a  l i n e a r  
c o m b in a tio n  o f  x (d is p la c e m e n t)  c o o r d in a te s  an d  Q4  a  c o m b in a tio n  o f  y  
(d is p la c e m e n t)  c o o r d in a te s .  Q^, Qg in v o lv e  l i n e a r  c o m b in a tio n s  o f  z 
c o o r d in a te s  o n ly .  The c o o r d in a te s  Q^, Qg, Q3 ,  Q4 a l s o  p o s s e s s  sym m etry 
i n  t h e  fo l lo w in g  s e n s e .  I f  Q^ d i f f e r s  from  z e ro  b u t  t h e  o th e r  t h r e e  
e q u a l z e r o ,  th e n  th e  ( d is p la c e d )  n u c l e i  have sym m etry h . I f  Qg /  0 ,  
b u t  Q]_ = Qg = Q^ = 0 , th e n  t h e  ( d is p la c e d )  n u c le i  have sym m etry C0C)V. 
When Qg /  0 b u t  Q4  ** Q i = Qg = 0 ,  th e n  th e  n u c l e i  h av e  sym m etry CgY 
and l i e  i n  t h e  xz p la n e .  When Q^ /  0 b u t  Qg = Qg * Q^ * 0 ,  th e n  th e  
n u c le i  h av e  symmetry Ggv  and  l i e  i n  th e  yz  p la n e .  When Qg = 0 b u t  
Q lj Qg, Qg have a r b i t r a r y  v a l u e s ,  t h e  ( d i s p la c e d )  n u c l e i  have  sym m etry 
CgT . When a l l  f o u r  c o o r d in a te s  d i f f e r  from  z e r o ,  th e  n u o le i  have 
sym m etry C ^ .  Thus a  low  sym m etry c o n f ig u r a t io n ,  C ^ ,  can  b e  p ro d u ced  
by v a ry in g  c o o r d in a te s  eac h  o f  w h ich  i s  i n v a r i a n t  u n d e r th e  o p e r a t io n s  
o f  a  p o in t  g roup  h a v in g  h ig h e r  sym m etry th a n  C ^ .  T hese f a c t s  w i l l  be 
o f  im p o rta n c e  a t  s e v e r a l  p o in t s  i n  t h e  fo llo w in g  d i s c u s s io n .
One f i n a l  p o in t  rem a in s  w hich  i s  o f  i n t e r e s t *  I f  W^, th e  e l e c t r o n i c  
e n e rg y  o f  t h e  m o le c u le  i n  t h e  lo w e s t e n e rg y  s t a t e ,  be expanded  i n  a 
pow er s e r i e s  i n  Q^, Qg, Qs ,  Q4 , th e n  t h e  l i n e a r  te rm s  v a n is h  s in c e  th e  
e q u i l ib r iu m  n u c le a r  p o s i t i o n s  a re  g iv e n  b y  = Qg = Qg = ^4 “  °* I n  " 
a d d i t i o n ,  t h e  q u a d r a t i c  te rm s  c o n s i s t  o f  sums o f  s q u a re s  o f  Q-^  e t c .  
s in c e  t h e  c o o r d in a te s  a r e  no rm al c o o r d in a te s .  M oreover, th e  c o e f f i c i e n t s  
o f  q | ,  Q^ a r e  e q u a l  s in c e  th e  modes have th e  same f r e q u e n c y .
Hence
W4 -  w ; ( 0 )  + K t f i  +  KgQg2 +  K (Q 3 2 + Q4 2 )
w here  W ^(0) i s  a  c o n s ta n t  and  K^, K2  and  K a r e  f o r c e  c o n s ta n t s .  Terms
h ig h e r  th a n  th e  second  a r e  n e g le c te d .  L e t Q3  = Q c o s ^  and Q4  = Q sin^> 
g g  2w here Q = Qg + Q4 and ^  i s  an  a n g le  l y in g  be tw een  0 and  2T7. Then
w; « w ;(o) + k^ 2 + k2q 22 + KQ2
so t h a t  t h e  p o t e n t i a l  f u n c t io n  d epends on o n ly  t h r e e  v a r i a b l e s ,  Q^, Qg, Q. 
The H am ilto n ian ,-  how ever, in v o lv e s  f o u r  v a r i a b l e s  Q^, ^2* ^ e
v a r i a b l e s  Q-^, Qg, Q . ^ a r e  a d o p te d ,  t h e  H a m ilto n ia n  p ro v e s  t o  be s e p a ra b le  
and  th e  s o lu t io n s  h ave  t h e  fo rm
Y tJ V V viIO - W  ^  (38)
w here ^ v - i ^ l )  and f v , ( Q 2 )  a r e  H e n n ite  f u n c t io n s  b u t ^ ( Q )  i s  n o t ,X 2
m i s  an  i n t e g e r  * T h is  m ethod o f  s o lu t i o n  h a s  b een  dev&oped by 
D enn ison  (5 5 ) who g iv e s  t h e  d i f f e r e n t i a l  e q u a t io n  s a t i s f i e d  b y  ^ V(Q) wad 
a l s o  o b ta in s  an  e x p r e s s io n  f o r  t h e  f u n c t io n s  in v o lv e d .  T h is  s o lu t i o n  
t o  th e  c a rb o n  d io x id e  p ro b lem  h a s  some a d v a n ta g e s  i n  t h e  p r e s e n t  a p p l i ­
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c a t io n *  An a l t e r n a t i v e  s e t  o f  s o lu t i o n s  t o  t h e  o s c i l l a t o r  p ro b lem  
i s  a l s o  p ro v id e d  b y  th e  p ro d u c t o f  f o u r  H erm ite  f u n c t io n s ,
I t  m ust be m en tio n ed  t h a t  t h e  e ig e n  f u n c t io n s  (38 ) and (3 9 ) a r e  n o t 
t h e  same even  f o r  t h e  same e n e rg y  s t a t e . The f u n c t io n s  (3 8 ) f o r  a  g iv e n  
e n e rg y  s t a t e  c a n , how ever, b e  e x p re s s e d  a s  l i n e a r  c o m b in a tio n s  o f  fu n c ­
t i o n s  o f  ty p e  (3 9 ) f o r  a  s t a t e  o f  th e  same e n e rg y . E i th e r  (3 8 ) o r  (39) 
may be  em ployed a s  e ig e n f u n o t io n s .  The c h o ic e  i s  t o  be  made on t h e  b a s i s  
o f  c o n v e n ie n c e , a l th o u g h  once made i t  m ust be a d h e re d  t o  th ro u g h o u t  t h e
p ro b lem  u n d e r  c o n s id e r a t io n .  The wave f u n c t io n  w h ich  a p p e a r s  i n
e q u a t io n  (35 ) i s  t h e  p ro d u c t o f  e i t h e r  (38 ) o r  (3 9 ) by  a  r o t a t i o n a l  wave 
f u n c t io n  w hich  depends on t h e  tw o a n g u la r  v a r i a b l e s  n e c e s s a ry  f o r  s p e c i ­
f y in g  th e  d i r e c t i o n  o f  t h e  n u c le a r  a x i s .  I t  can  be  shown t h a t  t h e  a n g le
c o l l i n e a r )  and th e  xy p la n e .
We now c o n s id e r  th e  c o n v e n t io n a l  c h o ic e  o f  no rm al c o o r d in a te s  f o r  a  
n o n - l i n e a r  c o n f ig u r a t io n  w hose e q u i l ib r iu m  n u c le a r  p o s i t i o n s  have 
symmetry Cgy. When a  r o t a t i n g  sy stem  o f  ax es  i s  a d o p te d , W” , th e  e n e rg y  
o f  th e  e x c i te d  s t a t e ,  i s  found  t o  depend on o n ly  t h r e e  c o o r d in a te s  w h ich  
we choose  a s  such  l i n e a r  c o m b in a tio n s  o f  th e  C a r te s ia n  (d is p la c e m e n t)  
c o o r d in a te s  a s  t o  be no rm al c o o r d in a te s .  L e t th e s e  be d e s ig n a te d  by  
Qi» Qg, Qg* Of t h e s e ,  tw o (Q^ Q£) b e lo n g  t o  th e  i r r e d u c i b l e  r e p r e s e n t a ­
t i o n  k i  o f  Cg^, w h ile  t h e  o th e r  (Q p b e lo n g s  t o  B1# The v i b r a t i o n a l  wave 
f u n c t io n  i s  th e n  th e  p ro d u c t  o f  t h r e e  H erm ite  f u n c t i o n s ,  a t  l e a s t  t o  
th e  d e g re e  o f  a c c u ra c y  p ro v id e d  by th e  harm onic o s c i l l a t o r  a p p ro x im a tio n .
(3  9)
^  i s  t h e  d ih e d r a l  a n g le  be tw een  th e  p la n e  o f  th e  n u c le i  (when n o t
The wave f u n c t io n  o f  e q u a t io n  (35 ) i s  t h e  p ro d u c t o f  th e  v i b r a t i o n a l  
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wave f u n c t io n ,  w h ich  depends on t h r e e  v a r i a b l e s ,  by  a  r o t a t i o n a l  wave 
f u n c t io n  w hich  depends on th e  t h r e e  E u le r ia n  a n g le s*  I t  i s  t o  be n o te d
c a s e .  The v a r i a b l e s  a r e  d i f f e r e n t l y  d i s t r i b u t e d  be tw een  r o t a t i o n  and 
i n t e r n a l  m o tio n s , how ever, t h e r e  b e in g  tw o r o t a t i o n a l  and  fo u r  i n t e r n a l  
v a r i a b l e s  f o r  th e  l i n e a r  c a s e  ( i f  we u se  e q u a t io n  (3 9 ) f o r  th e  v i b r a ­
t i o n a l  wave f u n c t io n )  and t h r e e  r o t a t i o n a l  and  th r e e  i n t e r n a l  f o r  th e  
n o n - l i n e a r  c a s e .  The wave f u n c t io n  (38 ) i s  u s e f u l  f o r  th e  fo llo w in g  
r e a s o n .  I f  we em ploy t h i s  f u n c t io n  th e n  d epends on th r e e  a n g le  
v a r i a b l e s ,  tw o r o t a t i o n a l  v a r i a b l e s ,  and  , and  t h r e e  o th e r  v a r i a b l e s ,  
Qg* Q» 'whil® a l s o  d epends on th e s e  a n g le  v a r i a b l e s  ( E u le r ia n  
a n g le s )  and  on Q^, Q£, Q^.
We now c o n s id e r  t h e  p ro d u c t f i f  ” i n  th e  in te g r a n d  o f  ( 3 5 ) .
We have p r e v io u s ly  em phasized  t h a t  t h e s e  tw o  f u n c t io n s  a r e  f u n c t io n s  o f  
n u c le a r  p o s i t i o n  and th e  n u c le a r  p o s i t i o n s  a r e  t h e  same f o r  th e  tw o .
The c o n v e n t io n a l  t r e a tm e n t  o f  r o t a t i o n  v i b r a t i o n  p rob lem s i s  su ch , 
how ever, t h a t  t h e  wave f u n c t io n s  a r e  e x p re s s e d  i n  te rm s  o f
d i f f e r e n t  c o o r d in a te s .  The p a r t i c l e  p o s i t i o n s ,  how ever, m ust be th e  
same i n  th e  e v a lu a t io n  o f  e q u a t io n  ( 3 5 ) .  H ence th e  c o o r d in a te s  em ployed 
i n  m ust be f u n c t io n s  o f th e  c o o r d in a te s  em ployed i n ^ ” and th e r e f o r e
we can  e x p re s s  one s e t  o f  c o o r d in a te s  i n  te rm s  o f  t h e  o th e r  and th u s  
e l im in a te  one s e t  from  th e  i n t e g r a n d .  T h is  can  be m ost c o n v e n ie n tly  
done when wave f u n c t io n  (38) i s  u se d  to  r e p r e s e n t  t h e  v i b r a t i o n a l  p a r t
o f  We f i r s t  o b ta in  t h e  r e l a t i o n s  b e tw een  Q’ ,  Q*, Q’ and Q , Q . Q.N 1 2 3 1 2
The c o o r d in a te s  Q£, Q£ d e te rm in e  th e  p o s i t i o n s  o f  t h r e e  p o in t s  and
depend  on t h e  same number o f  v a r i a b l e s ,  s i x  i n  e a c h
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Q p  Qg, Q d e te rm in e  th e  p o s i t i o n s  o f  th e  same t h r e e  p o i n t s .  We f i r s t  
w ish  t o  show t h a t  Q^, Q£, Q£ a r e  l i n e a r  f u n o t io n s  o f Q ^  Qg, Qg.
F o r t h i s  p u rp o se  we make u se  o f  t h e  fo l lo w in g  theorem * When a  s in g le  
no rm al c o o r d in a te  i s  c o n t in u o u s ly  ch an g e d , a l l  o th e r s  b e in g  f i x e d ,  t h e  
p a r t i c l e s  o f  t h e  sy stem  fo l lo w  p a th s  w hich  a r e  s t r a i g h t  l i n e s  and  th e  
d isp la c e m e n t o f  a  g iv e n  p a r t i c l e  i s  p r o p o r t i o n a l  t o  th e  change i n  th e  
norm al c o o r d in a te .  Q^, Q£ b e lo n g  t o  t h e  t o t a l l y  sym m etric  r e p r e s e n t a ­
t i o n .  We suppose  t h a t  th e  d is p la c e m e n t o f  Q^ moves an  oxygen atom  a lo n g  
a  s t r a i g h t  l i n e  w h ich  makes an  a n g le  (5^ w i th  th e  tw o f o ld  a x i s  and  th e  
d i s ta n c e  moved i s  k ^ A Q £ , B e g in n in g  from  e q u i l ib r iu m  and ch an g in g  from  
Q^ * 0 t o  Q£ and s im u l ta n e o u s ly  fro m  Q£ «  0 t o  Q», an  oxygen atom  i s  
d is p la c e d  b y  an  am ount o f  cos^
tw o fo ld  a x i s  and  by a n  am ount k^Q^ si*1 ^3^ + ^ ^ 2  8^n ^ 2  Pe r Pen<^ c u ^a r
t o  th e  tw o fo ld  a x i s .  Q' i s  assum ed e q u a l  t o  t e r o .o
Now l e t  Q°, Q °, Q° r e p r e s e n t  t h e  c o o r d in a te s  ( i n  t h e  second  sy stem )
X 2
f o r  w hich th e  atom s occupy t h e  p o s i t i o n s  w h ich  a r e  t h e  e q u i l ib r iu m
p o s i t i o n s  f o r  th e  C2v s t a t e .  Then Q° -  0  i n  o rd e r  t h a t  th e  p o in t s  have
o o
Cgv sym m etry. Hence Q^ -  Q j, Q£, Q -  Q c o n s t i t u t e  a  s e t  o f  v a r i a b l e s
w hich  v a n is h  a t  th e  Cgv  e q u i l ib r iu m  p o s i t i o n s .  When i s  changed ,
an  oxygen atom  t r a v e r s e s  a l i n e  p e r p e n d ic u la r  t o  t h e  tw o fo ld  a x i s .  When
Q c h a n g e s , th e  atom  t r a v e r s e s  a  p a th  p a r a l l e l  t o  th e  tw o fo ld  a x i s .  L e t
k p  k be t h e  p r o p o r t i o n a l i t y  c o n s ta n t s  su ch  t h a t  k^A Q ^ and k  A  Q g iv e
th e  oxygen atom  d is p la c e m e n ts .  Then on ch an g in g  Q^ from  q£ t o  such  a
v a lu e  t h a t  th e  d is p la c e m e n t k^(Q ^ -  Q^) i s  e q u a l  t o  k ^  Q^ s i n  +
k ’ Q’ s in  S ' » ®nd Q from  Q° t o  su c h  a v a lu e  t h a t  k(Q  -  Q°) i s  e q u a l  t o
2 2 r 2
, th e n  t h e  c o o r d in a te s  Q^, Q d e f in e  a  c o n f ig u r a -k'Q* cos (3^ + k£Q£ s in  jj*
* + k 'Q ’ cos  p '  p a r a l l e l  t o  th e
1 2 2 I 2
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t i o n  f o r  w h ich  th e  oxygen atom  o c o u p ie s  t h e  same p o in t  a s  t h a t  f o r  w hich  
t h e  c o o r d in a te s  a r e  Q^, Q£. Hence s in c e
th e  m asses o f  t h e  atom s and  th e  f o r c e  c o n s ta n ts  f o r  th e  v i b r a t i o n a l  
m o tio n s  i n  th e  u p p e r  and low er e l e c t r o n i c  s t a t e s  r e s p e c t i v e l y .  We have 
c o n s id e r e d ,  i n  o b ta in in g  th e s e  r e l a t i o n s ,  o n ly  th e  d is p la c e m e n t o f  one 
oxygen a tom , i . e .  one o f  t h r e e  p o i n t s .  S in c e ,  how ever, t h e  c o n f ig u r a t io n  
has  symmetry CgT i f  one o f  t h e  t h r e e  p o in t s  d e te rm in e d  by  th e  s e t  o f  
c o o r d in a te s  Q*, Q’ , Q' = 0 c o in c id e s  w i th  a  c o r re s p o n d in g  p o in t  (oxygen)J. 6 U
d e te rm in e d  by  Q- ,^ Q, Qg * 0 ,  th e n  t h e  o th e r  p a i r  o f  c o r re s p o n d in g  p o in t s  
(o x y g en s) m ust a l s o  c o in c id e  and s in c e  t h e  c e n t e r s  o f  mass a r e  t h e  same, 
th e  t h i r d  p a i r  o f  p o in t s  ( c a rb o n s )  a l s o  c o in c id e .  Hence e q u a t io n s  (4 0 ) 
p ro v id e  t h e  r e l a t i o n s  be tw een  Q- ,^ Q and Q^, Q£ when th e  r e s p e c t iv e  s e t s
o f  c o o rd in a te s  d e te rm in e  t h e  p o s i t i o n s  o f  th e  same s e t  o f  t h r e e  p o i n t s .  
By a  s im i l a r  argum ent i t  can  be shown t h a t  Qg i s  p r o p o r t i o n a l  t o  Qg. 
Hence by  u s in g  t h e s e  r e l a t i o n s  Q j, Q2 , Q can  be e l im in a te d  from  (39) 
w h ich  i s  th e r e b y  e x p re s s e d  a s  a  f u n c t i o n  o f  Qj_, Q£, Q£. We c o u ld ,
and
we can  s o lv e  f o r  Q^, Q and  we o b ta in
s i n  f t  Q1 + ET  8 i “  f t  f t
I n  th e s e  r e l a t i o n s  k ^ , k ^ , IV- Pi- *1 , k  a re  c o n s ta n t s  w hich  depend on
a l t e r n a t i v e l y ,  s o lv e  f o r  Q p  Qg, Q i n  te rm s  o f  Q£, Q£, Q£ and th u 3
e l im in a te  th e s e  c o o r d in a te s ,  i . e .  Q* Q' Q' from  4 ^ "  th u s  e x p re s s in g
1 2  3 ^
t h e  in te g r a n d  o f  (3 5 ) a s  a  f u n c t io n  o f  Q ^  Qg, Q, and th e  v a r io u s  a n g l e s .
T here rem a in s  th e  q u e s t io n  o f how t h e  E u le r ia n  a n g le s  can  be e l im in ­
a te d  from  T h is  c o u ld  be done by  e x p r e s s in g  th e s e  a n g le s  i n  te rm s
o f th e  t h r e e  a n g le s  w h ich  a p p e a r  i n  T h is  w i l l  n o t  a c t u a l l y  be done
s in c e  i t  i s  n o t  r e q u i r e d ,  a s  w i l l  be e v id e n t  l a t e r .  I t  i s  im p o r ta n t ,  
how ever, t h a t  t h e  E u le r ia n  a n g le s  f o r  th e  u p p e r s t a t e  be e x p r e s s ib le  
i n  te rm s  o f  t h e  a n g le s  f o r  t h e  g round  s t a t e  in v o lv in g  Q-^ Qg, o r  Q.
T h is  h a s  n o t been  r i g o r o u s ly  p ro v e n  b u t  i t  seems p ro b a b le  t h a t  i t  i s
t r u e  and i t  w i l l  be assum ed in  th e  fo l lo w in g  a rg u m e n t.
From th e  above d i s c u s s io n ,  ^ ^  and  38
1 N 'ROT 1 VIB ' N I ^,ROT I
w here (!/’ = W 1 r==sr e^ m^  , and W* i s  t h a t  p a r t  o f  (38 ) w hich
If,R O T  T ROT V2/7
d o es  n o t  depend  on • Now tu r n i n g  t o  th e  c o n s id e r a t io n  o f  ( 3 5 ) ,  we 
o b ta in
2
i   ^ ¥ ROT ¥ V I B ^ . R O l f W 0 f x e ^ l *  Q2* ^ d 7 a n g l e d ^
a n g le  Q ^Q g.Q
We c a n n o t r e s o lv e  th e  r o t a t i o n  l i n e s  i n  t h e  sp e c tru m . These a r e ,  i n  
f a c t ,  so  c l o s e l y  sp aced  t h a t  f o r  an y  one s e t t i n g  o f  th e  v e l o c i t y  a n a ly s e r  
th e  r o t a t i o n a l  com ponents c o r re s p o n d in g  t o  a  v e ry  l a r g e  ra n g e  o f  quantum  
num bers g iv e  r i s e  t o  s c a t t e r i n g ,  a l l  o f  w hich  re a c h e s  t h e  d e t e c t o r .  I t  
i s  a p p r o p r i a t e ,  t h e r e f o r e ,  t o  sum |x |  , f o r  a p a r t i c u l a r  r o t a t i o n a l  
l e v e l  i n  t h e  ground s t a t e ,  o v e r  a l l  r o t a t i o n a l  quantum  num bers i n  t h e  1 
u p p e r s t a t e .  T h is  sum can  be  e v a lu a te d  i n  t h e  fo l lo w in g  m anner. L e t
L et G “  ngj. and  l e t  ^ j  * w here J  i s  an  i n t e g e r  d e s ig n a t in g
th e  Jk*1 r o t a t i o n a l  s t a t e ,  w h ich  may be  one o f  a d e g e n e ra te  s e t*
Then
W 2 - j (fg)*<1T angle 
angle
Now expand FG i n  a  s e r i e s  o f  o r th o g o n a l wave f u n c t io n s  ^  so  t h a t
• ( T O ) * r - j  J  w here a j  * f ^ j F f  d T  
.t /
Then
lXl2 = a j a j*
Sum jX |^  o v e r  a l l  r o t a t i o n a l  quantum  s t a t e s ,
£ K  -  S I
But
j ( F G ) * ( F G ) d f  = ^ a J a J
Hence
| x | 2 -  ^(FG)*(FG)dT 
S in c e  th e  s c a t t e r i n g  i s  p r o p o r t i o n a l  t o  |x f , i t  w i l l  be p r o p o r t i o n a l  
t o  |FF*GG*dT • T h is ,  h ow ever, in v o lv e s  o n ly  th e  e x c i t a t i o n  from  a  
p a r t i c u l a r  r o t a t i o n a l  l e v e l  in  th e  ground  s t a t e .  The n a tu r e  o f  th e  
f u n c t io n  f  m ust now be more c a r e f u l l y  c o n s id e re d .  The r o t a t i o n a l  wave
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H )  lid /j ik1K
f u n c t io n  f o r  a  l i n e a r  m o le c u le  h a s  t h e  fo rm  T r o t  = * v ” / e
w here k i s  a  p o s i t i v e  o r  n e g a t iv e  in te g e r , - v f e  /  , and  /  i s  t h e
i leia n g u la r  momentum quantum  n u m b e r.^  i s  an  a s s o c ia t e d  L egendre f u n c t io n .  
N i s  a  n o rm a liz in g  f a c t o r ,
Then
and
l ( 2 j f + l )  ( J f - l k i ) /
=J 4TT ( j  + |k f)/
_ J L -  e ^ N I ^ ^ e 11^
m  *
d T  * s i n ©  d!P d© d ^
GG.  .  _ i _  „2 [p W  ( e ) J 2
hence
V  2 t t  2 t t
lX| 2 “ J  I f FF*N2 [Vyk,J  S in ^ d ^ d ^ d ©
J  d  = 0  P=0 0*0
h 2
low  t h e  en e rg y  o f  a  l i n e a r  r i g i d  r o t a t o r  i s  H  / + l ) '" z* " r ' and i s
s n  i
in d e p e n d e n t o f  k .  Hence a l l  o f  th e  + 1 l e v e l s  w ith  th e  v a r io u s  v a lu e s
o f k a r e  e q u a l ly  l i k e l y  i n  t h e  g round  s t a t e .  We m u s t, t h e r e f o r e ,
a v e ra g e  Y 1 j x j 2 o v e r  k .
T
TT ITT 2IT
f  r  Y
j  j  j  F F .  ^ H 2  [ p J W (  B )]lx|2 ~ h
k  7  0=0 0=0 <P*0
s in ©  d ^ d ^ d ©
The sum o f t h e  q u a n t i ty  u n d e r  th e  i n t e g r a l  s ig n  can  be e v a lu a te d  i n  th e  
fo l lo w in g  way.
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I f  ^  i s  an  a n g le  8uch  t h a t  c o s  ■ oob 0-^ c o s  © g + s i n  s i n  0 g  
008 th e n  t h e  a d d i t i o n  th e o re m  f o r  s p h e r i c a l  h a rm o n ics  s t a t e s
t h a t
„ / v x _ V “~  ( Jf-ilcl )/ „ l k l / 0  N | k l , ^
p i  t ° o s y ) - >  r r + m i F F/  pj  @2 ) e
k
■where i s  t h e  L eg en d re  p o ly n o m in a l*  I n  t h e  s p e c i a l  c a s e
9^  e  0 g  * ^  and  ^ 1  ~ ^ 2  = ^  W8 o b ta il1  008 y  = * and
2
k
I t  fo l lo w s  t h a t
x y [ pi , k l ( » > ] 2 - 4 r r *  ( «
B ut ( l )  = 1. H ence we f i n a l l y  o b ta in
 __  rr 2 TT 2/T
g j r y - Z _  Z J x l 2 = ~ r  ) 5  J FF* s ine&p&y&e
k  J  8 * ©=o 'j>mQ “P =0
h u t
2/7 2/7
^  |  [  s i n 0  d ^ d ^ d #  = 8TT
0 = 0  ^=0 f= 0
Hence
s J t t  51 Zj x/
• V  T
2 * FF*
k J
w here th e  b a r  d e n o te s  a n  a v e ra g e  o v e r  Rem em bering t h a t
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J I VIB T xe ' Q
t h i s  p ro v id e s  u s  w i th  a  f i n a l  fo rm u la  f o r  th e  q u a n t i t y  ?  ? x ' 8
w h ich  i s  i n  t u r n  p r o p o r t i o n a l  t o  t h e  s c a t t e r e d  c u r r e n t  o r ,  more a c c u r a t e l y ,  
t h e  sum o f one such  te rm  f o r  e a c h  com ponent o f  d ip o le  moment i s  p ro p o r ­
t i o n a l  t o  t h e  s c a t t e r e d  c u r r e n t .  I t  i s  t o  be n o te d  t h a t  F in v o lv e s  a n  
i n t e g r a t i o n  o n ly  o v e r t h e  t h r e e  i n t e r n a l  c o o r d in a te s  and  FF* m ust th e n  
be  a v e ra g e d  o v e r  t h r e e  a n g l e s .
The above d ev e lo p m en t shows e x p l i c i t l y  t h a t  t h e  r o t a t i o n a l  wave 
f u n c t io n s  may be o m it te d  from  t h e  d ip o le  moment i n t e g r a l s ,  p ro v id e d  
t h a t  th e  s q u a re s  o f  th e  d ip o le  moment i n t e g r a l s  a r e  a v e ra g e d  a s  i n d i c a te d  
i n  t h e  above fo rm u la .  We a l s o  n o te  t h a t  o n ly  t h r e e  v i b r a t i o n a l  c o o r­
d i n a t e s  a p p e a r  i n  t h e  f i n a l  i n t e g r a t i o n  and  i n  a d d i t i o n ,  one o f  th e  
v i b r a t i o n a l  f u n c t io n s  i n  th e  g ro u n d  s t a t e  i s  n o t  a  H erm ite  f u n c t io n .
7 .5 .4 .5  E x p an sio n  o f  th e  E le c t r o n ic  T r a n s i t i o n  Moment i n  a  Power S e r ie s  
F i n a l l y  we n eed  t o  c o n s id e r  t h e  e x p a n s io n  o f  f x e ,  f  , an d  a
pow er s e r i e s  i n  t h e  c o o r d in a te s  Qg, and  Q. F o r s i m p l i c i t y  i n  n o ta ­
t i o n ,  we s h a l l  d e n o te  Q by  Qg, a l th o u g h  we h av e  p r e v io u s ly  u se d  t h i s  
l a t t e r  sym bol i n  a  d i f f e r e n t  s e n s e .  I t  m ust be rem em bered t h a t  two 
f u n c t io n s  a r e  t o  be  expanded i f ,  a s  w i l l  be t h e  c a s e ,  t h e  u p p e r  s t a t e  
i s  d o u b ly  d e g e n e ra te  a t  Q^ = Qg = Q^ = 0 .  I n  o r d e r  t o  a v o id  a  cumbersome
n o t a t i o n ,  we s h a l l  d e s ig n a te  t h a t  com ponent o f  w hioh  b e lo n g s  t o  A*©
f o r  th e  d i s t o r t e d  m o le c u le  by  , and  t h a t  w hich  b e lo n g s  t o  AM by <£".
The g round  s t a t e  wave f u n c t io n  w i l l  be d e n o te d  by <£ . We have th e n  t o  
c o n s id e r  t h e  fo l lo w in g  ex p an s io n s*
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and  and a r e  s i m i l a r l y
Q l ^ 5^ 30
d e f in e d *
The n e x t s te p  i n  t h e  arg u m en t in v o lv e s  th e  d e m o n s tr a t io n  t h a t  th e  
f i r s t  d e r i v a t i v e s  b e lo n g  t o  t h e  i r r e d u o i b l e  r e p r e s e n t a t i o n s  o f  sym m etry 
g ro u p s  whose sy m m etries  a r e  h ig j ie r  th a n  C ^ *  T h is  p o in t  i s  o f  c r u c i a l  
im p o r ta n c e  i n  t h e  argum ent w h ich  fo l lo w s  and hence a  d e t a i l e d  p ro o f  
w i l l  b e  g iv e n .
We n o te  f i r s t  t h a t  e a c h  o f  th e  f u n c t io n s  ^ ( 0 0 0 ) ,  ^ * ( 0 0 0 ) ,  # " ( 0 0 0 )  
i s  in d e p e n d e n t o f  Q^, Qg, $ 3 * b e c a u se  th e  f u n c t io n s  a r e  t o  be e v a lu a te d  
a t  a  s p e c i f i c  p o in t  a t  w h ich  Qj_ “  Qg * Qg * 0 .  The same i s  a l s o  t r u e  o f  
t h e  f i r s t  d e r i v a t i v e s  s in c e  th e y  a r e  a l s o  e v a lu a te d  a t  a  s p e c i f i c  p o i n t ,
= Qg = Qg = 0 .  Now s in c e  th e s e  f u n c t io n s  o f  th e  e l e c t r o n i c  c o o rd in ­
a t e s  do n o t depend  on th e  d is p la c e m e n t c o o r d in a te s  we n e x t p ro c e e d  t o  
s e l e c t  s p e c i a l  d is p la c e m e n t c o o r d in a te s  w hich  e n a b le  u s  t o  d e te rm in e  th e  
b e h a v io r  o f  t h e  d e r i v a t i v e s ,  e . g .  # 1 , u n d e r  th e  in f lu e n c e  o f  t r a n s f o r m a ­
t i o n s  a p p l ie d  t o  t h e  e l e c t r o n i c  c o o r d in a te s . I f  t h i s  can  be r ig o r o u s ly  
done f o r  any  s p e c i a l  s e t  o f  d is p la c e m e n ts ,  th e n  t h e  same b e h a v io r  m ust 
p r e v a i l  i n  g e n e r a l  s in c e  t h e  f u n c t io n s  i n  q u e s t io n  do n o t change a s
Q]_» Qg, Qg change.
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In  o rd e r  t h a t  t h e  p ro o f  may p ro c e e d  w i th  co m p le te  r i g o r ,  we m odify  
e q u a t io n s  (4 1 ) by s p e c i f i c a l l y  i n d i c a t i n g  th e  re m a in d e r  te rm s  i n  th e  
s e r i e s  a s  f o l l o w s t
= J ( o o o )  + YiAi = l ♦Hi  3
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I n  th e s e  e q u a t io n s  th e  te rm s  ,  R ^  a r e  f u n c t io n s  o f  Q p  Qg, Q3
w hich  have th e  p r o p e r ty  t h a t  th e y  a re  f i n i t e  a t  Q^ = Qg = Q3  = 0 .
The f u n c t io n s  R ^j e t c .  a r e  o th e rw is e  u n d e te rm in e d  e x c e p t t h a t  th e  fu n c ­
t i o n s  a r e  su c h  a s  t o  make th e  r e l a t i o n s  i n  (4 2 ) v a l i d .  I t  i s  a  known 
f a c t  from  t h e  th e o ry  o f  T a y lo r  s e r i e s  t h a t  any  f u n c t io n s  w h ich  can  be 
expanded i n  T a y lo r  s e r i e s  can  be p u t i n t o  t h i s  form  and  th e  re m a in d e r 
te rm s  in v o lv in g  R^j e t c .  m ust h av e  t h e  p r o p e r t i e s  i n d i c a t e d .  I f  now 
we a r e  i n v e s t i g a t i n g  th e  t r a n s f o r m a t io n  o f  th e  d e r i v a t i v e  w i th  r e s p e c t  
t o  Q2 , f o r  ex am ple , th e n  we s e t  Q i s  Qg s  0 i n  (4 2 ) and s o lv e  f o r  
” th u s  o b ta in in g
o L ^ o o o i  _ , 2E22
= $ * ( 0 ,Q 2 ,0 )  -  $ ’ (0 0 0 ) _ n Bf 
1 2  Qg %  22 (43 )
£ ^ ^ £ ( 0 0 0 )
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I n  t h e  l i m i t  a s  Qp" ■ 0 t h e  te rm s  in v o lv in g  Rop* RJ*>» a p p ro a c h  z e ro *
I f ,  t h e r e f o r e ,  th e  "behav ior o f  s u c h  f u n c t i o n s  a s  <jj" (0 ,Q 2 ,0 )  and  ^ ” (0 0 0 ) 
u n d e r  a  t r a n s f o r m a t io n  g roup  o p e r a t in g  on t h e  e l e c t r o n i c  c o o r d in a te s  
c a n  he  o b ta in e d  f o r  f i n i t e  v a lu e s  o f  and i f  t h i s  b e h a v io r  can  b e  
shown t o  be  in d e p e n d e n t o f  th e  m ag n itu d e  o f  Qg, th e n  th e  b e h a v io r  m ust 
a l s o  p r e v a i l  when Qg { £  w here  £  i s  an y  p r e a s s ig n e d  p o s i t i v e  num ber 
how ever s m a ll  and  th u s  t h e  same b e h a v io r  m ust p r e v a i l  i n  t h e  l i m i t  o f  
Q2  = 0 .  We now p ro c e e d  t o  p ro v e  t h i s .  From t h e  known n o rm al c o o r d in a te s ,  
i t  f o l lo w s  t h a t  t h e  t h r e e  n u c l e i  have p o s i t i o n s  w hose sym m etry i s  Cm 7  
when Qg d i f f e r s  fro m  z e ro  b u t  Q i = Q3  *  0 , and  t h i s  i s  t r u e  no m a t t e r  
w h a t t h e  m ag n itu d e  o r  th e  s ig n  o f  Qg may b e .  I t  f o l l o w s ,  t h e r e f o r e ,  
t h a t  t h e  e l e c t r o n i c  H a m ilto n ia n  o p e r a t o r  i s  i n v a r i a n t  u n d e r  th e  o p e ra ­
t i o n s  o f  CQ0V when th e s e  o p e r a t io n s  a r e  a p p l ie d  t o  t h e  e le o W o n ic  
c o o r d in a t e s .  From t h i s  f a c t  i t  a l s o  f o l lo w s  fro m  w e l l  known p r i n c i p l e s  
t h a t  th e  wave f u n c t i o n s  ( 0 ,Q g ,0 ) ,  $  ’ ( 0 ,Q g ,0 ) and  f " ( 0 , Q g , 0 )  b e lo n g  
t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  C0 ( ) 7  s in c e  t h e s e  f u n c t i o n s  c o n s t i t u t e  
e ig e n f u n o t io n s  o f  t h e  e l e c t r o n i c  H a m ilto n ia n  f o r  th e  g ro u n d  and e x c i t e d  
s t a t e s ,  r e s p e c t i v e l y .  We now p ro c e e d  t o  show t h a t  $  ( 0 0 0 ) ,  # » ( 0 0 0 ) ,  
and  ^ ” (0 0 0 ) a l s o  b e lo n g  t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  Cff l7 .  We know 
t h a t  t h e  f u n c t io n s  i n  q u e s t io n  b e lo n g  t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  
° f  Dooh* M oreover, Cqqy i s  a  su b g ro u p  o f  D ^ h *  0n in s p e c t in g  th e  
c h a r a c t e r  t a b l e s  o f  C00T and  Dooh a s  g iv e n  i n  F ig u r e  17, i t  beoom es 
c l e a r  t h a t  any  f u n c t io n s  w h ich  b e lo n g  to  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  
Dooh rons'k a l s o  b e lo n g  t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  and  t h i s
l a t t e r  f a c t  does n o t  im pose an y  a d d i t i o n a l  r e s t r i c t i o n  on t h e  f u n c t i o n s .
We h av e  th u s  d e m o n s tra te d  t h a t  a  p a i r  o f  su ch  f u n c t i o n s  a s  f  ’ ( 0 ,Q 2 «0 ) and
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<£' (000 ) b o th  b e lo n g  t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  and  th e
same a p p l ie s  t o  th e  re m a in in g  tw o p a i r s  o f  f u n c t io n s  i n  e q u a t io n s  ( 4 3 ) .
We now h ave  t o  show, a s  th e  re m a in in g  s t e p  i n  t h e  p r o o f ,  t h a t ,  sa y  
( 0 ,Q 2 »0 ) b e lo n g s  t o  t h e  same i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  a s  d o es
J 1(0 0 0 ) .  I n  o rd e r  t o  e s t a b l i s h  t h i s ,  we c o n s id e r  i n  t u r n  t h e  c a s e s  i n  
w h ich  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  a r e  one d im e n s io n a l and  tw o 
d im e n s io n a l .  <£(0 ,Q 2 , 0 ) an<i $ ( 0 0 0 )  i l l u s t r a t e  t h e  f i r s t  c a s e  ( i . e .  
a  one d im e n s io n a l r e p r e s e n t a t i o n ) .  L e t <j£(000) b e lo n g  t o  th e  i r r e d u c i b l e  
r e p r e s e n t a t i o n  o f  CQ0V, assum ed one d im e n s io n a l .  We f i r s t  show 
t h a t  $ ( o  ,Q g ,0 )  c a n n o t b e lo n g  t o  a  d i f f e r e n t  r e p r e s e n t a t i o n  b y  a ssu m in g  
t h a t  i t  does and  th e n  d e m o n s tra t in g  t h a t  t h i s  ( f a l s e )  a s s u m p tio n  le a d s  
t o  a  c o n t r a d i c t i o n .  L e t t h e  assum ed r e p r e s e n t a t i o n  be  y  Then some 
c h a r a o te r  o f  f * . m ust d i f f e r  fro m  t h a t  o f
L e t t h e  c h a r a c te r  w hioh  d i f f e r s  be  an<i  l e t  an  o p e r a to r  o f  th e  c o r ­
re sp o n d in g  c l a s s  be S . Then S (0 ,Q g ,0 )  = X (0 ,Q 2 ,0 )  a hd t h i s  r e l a t i o n
h o ld s  w h a te v e r  th e  m ag n itu d e  o f  Qg s in c e  c h a n g in g  Qg d o e s  n o t  change 
th e  sym m etry. T h e re fo re  i t  h o ld s  i n  t h e  l i m i t  a s  Qg — — } 0 .  Hence 
s f ( o . o . o )  -  ( 0 0 0 ) .  H ow ever, we know t h a t  t h e  c h a r a c t e r  f o r  th e
same c l a s s  i n  th e  i r r e d u c i b l e  r e p r e s e n t a t i o n  f " j ,  X  s a y ,  i s  d i f f e r e n t
4
from  X  a n d , m o re o v e r, s in c e  <£(000) b e lo n g s  t o  I”71 i t  f o l lo w s  t h a t  
th e  r e l a t i o n  S J ( 0 0 0 )  ■ X * $  (0 0 0 ) m ust be c o r r e c t  an d  h en ce  t h e  above 
r e s u l t ,  o b ta in e d  by  assu m in g  t h a t  < j> (0 ,Q 2 , 0 )  b e lo n g s  t o  , m ust be  
f a l s e .  I t  f o l lo w s ,  t h e r e f o r e ,  t h a t  $ ( 0 *^2*0) b e l o n j r t o  t h e  same i r r e ­
d u c ib le  r e p r e s e n t a t i o n  o f  a s  d o e s  ^ > (0 0 0 ) . We n e x t  c o n s id e r  t h e
c a se  i n  w h ich  th e  i r r e d u c i b l e  r e p r e s e n t a t i o n  H i o f  0^^- t o  w h ich  
^ ’ (OOO) and ^ w(0 0 0 ) b e lo n g  i s  tw o d im e n s io n a l .  Then we w ish  t o  p ro v e
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t h a t  ^5* (0 ,Q 2 ,0 )  an<* ^ w(0»Q 2»°) b e lo n g  to  th e  same i r r e d u c i b l e  r e p r e ­
s e n ta t io n *  To p ro v e  t h i s ,  we f i r s t  assum e th e  c o n v e r s e .  We assum e 
( f a l s e l y )  t h a t  (0 ,Q 2 ,0 )  and  $ • ( 0  ,Q 2 ,0 )  b e lo n g  t o  a  tw o d im e n s io n a l 
r e p r e s e n ta t io n / " " 1^  Then some c h a r a c t e r  o f  P m m ust d i f f e r  from  t h e  
c o r re s p o n d in g  c h a r a c t e r  o f  • L e t an  o p e r a to r  o f  th e  c l a s s  f o r  w h ich
t h e  c h a r a c t e r s  d i f f e r  b e  T , and l e t  t h e  c o r re s p o n d in g  c h a r a c t e r s  i n  t h e
»* i
tw o  r e p r e s e n t a t i o n s  be  % and X  » r e s p e c t i v e l y .
Then
T $ ’ (0 ,Q 2 , 0 )  s  a n f ’ (0 ,Q 2 , 0 )  + a 12$ n(0 ,Q 2 ,0 )
T $ " ( 0 ,Q 2 ,0 )  = a 2 1 §  * (0 .Q 2.0 )  + a 22$ « ( 0 ,Q 2 ,0 )
which follow s from the fa c t that and <J” belong to  an irreducible
m
r e p r e s e n t a t i o n  w i th  tw o d im e n s io n s . Then + a 22 * X  b y  h y p o th e s i s .
B ut a n , a 2 2 , a i 2 , and  a 2 ^ a r e  c o n s ta n t s  in d e p e n d e n t o f  Q2 , and  hence a t
* m
Q2 = 0 t h e  t r a c e  o f  t h e  m a tr ix  ( a ^ j )  m ust s t i l l  be X  • T h is ,  how ever, 
c o n t r a d i c t s  t h e  f a c t  t h a t  ^ *(000) and  ^ ” (000 ) b e lo n g  t o  p jj • I t  
f o l lo w s  t h e r e f o r e  t h a t  and b e lo n g  t o  • I t  can  a l s o  be  
shown t h a t  $  ’ (0 ,Q 2 ,0 )  and (0»Q2»0) c an n o t b e lo n g  r e s p e c t i v e l y  t o  
one d im e n s io n a l  r e p r e s e n t a t i o n s  o f  CQ0V i f  (000 ) and  <^"(000) b e lo n g
t o  a  tw o d im e n s io n a l i r r e d u o i b l e  r e p r e s e n t a t i o n  o f  Cn T . T h is  c o m p le te s  
t h e  p r o o f  t h a t  (0 ,Q 2 ,0 )  and  <fn(0»Q2»®) mus^ b e lo n g  t o  t h e  same 
i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  a s  do ^ * (0 0 0 )  and  ^ ” (0 0 0 ) .
T h a t b e in g  th e  c a s e ,  i t  f o l lo w s  t h a t  and  m ust a l s o  b e lo n g  t o  
i r r e d u o i b l e  r e p r e s e n t a t i o n s  o f  C00T an d , m o reo v e r, t o  t h e  same i r r e d u ­
c i b l e  r e p r e s e n t a t i o n s  a s  do (0 0 0 ) and  ^ " ( 0 0 0 ) .
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As th e  l a s t  s te p  i n  t h e  a rg u m en t, we w ish  t o  show t h a t  th e  d e r i ­
v a t i v e s  $j>* an(* ^ 2  b e ^on£ same i r r e d u o i b l e  r e p r e s e n t a t i o n s
o f  Cl h  a s  do . J g (0 0 0 ) ,  $ £ (0 0 0 )  and  $ £ ( 0 0 0 ) .  T h is  can  be done a s  
fo llo w s*  No m a t te r  w hat Q i,Q 2 *Q3  may be* th e  n u c le i  have sym m etry C ih , 
and  henoe th e  e l e c t r o n i c  wave f u n c t io n s  b e lo n g  t o  th e  i r r e d u c i b l e  r e p r e ­
s e n t a t i o n s  A* and A" o f  C ^ .  $ 2 ^ 1 ^ 2 ^ 3 ^  i8> hyP0-*5*1085-8 * an  e l e c t r o n i c
e ig e n f u n c t io n  w hich  b e lo n g s  t o  A* and i s  one w h ich  b e lo n g s  t o
A ". O b v io u s ly , i n  t h e  l i m i t  a s  Qq»Q2 »Q3  ap p ro a c h  z e ro ,  th e s e  r e s p e c t iv e  
e ig e n f u n c t io n s  ap p ro a c h  a p a i r  ( 0 0 0 ) and $ * ( 0 0 0 ) w hich  b e lo n g  t o  
th e  same i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  C ^ .  M oreover, i f  Q-^  ®,n<l  Q3  
a p p ro a c h  z e r o ,  th e n  th e  e ig e n f u n c t io n s  (0 ,Q g ,0 )  and $"(°»Q 2»® )» w h ich  
a r e  a p p ro a c h e d  a s  l i m i t s ,  a l s o  b e lo n g  t o  A* and A” , r e s p e c t i v e l y .  Hence
from  (43 ) i t  fo l lo w s  t h a t  $ '  and w" b e lo n g  a l s o  t o  A* and A” r e s p e c -
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t i v e l y .  I n  b r i e f ,  t h e  d e r i v a t i v e s  $ £  and  b e lo n g  s im u l ta n e o u s ly
t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of tw o g ro u p s , nam ely and C ^ .  More­
o v e r ,  th e y  b e lo n g  t o  t h e  same i r r e d u c i b l e  r e p r e s e n t a t io n s  o f  th e s e  two 
g ro u p s  a s  do jj t,(0 0 0 ) , $ £ (0 0 0 )  and  ^ ” (0 0 0 ) ,  r e s p e c t i v e l y .
We now p ro c e e d  t o  th e  c o n s id e r a t io n  o f  and  We p ro ­
ceed  a s  b e fo re  b y  s o lv in g  e q u a t io n s  (4 2 ) f o r  th e  th r e e  d e r i v a t i v e s  i n  
q u e s t io n  a f t e r  s e t t i n g  Q^ = Qg *= 0 .  The l a t t e r  r e s t r i c t i o n  i s  p e r m is s i ­
b le  b e c a u se  $ 3 '  $ 5  and do n o t  depend on Q^ Qg Q^, and hence t h e i r  
b e h a v io r  u n d e r  t r a n s f o r m a t io n s  on th e  e l e c t r o n i c  c o o r d in a te s  o n ly  m ust 
be in d e p e n d e n t o f  Q^ Qg Q j. The c h o ic e  made above i s  o n ly  f o r  th e  
p u rp o se  o f  e n a b l in g  u s  t o  c o n s t r u c t  a  p r o o f .  The p ro o f  i s  v a l id  f o r  
a l l  v a lu e s  o f  Q^ Qg Q^. The p ro c e d u re  i s  now v e ry  s i m i l a r  t o  t h a t
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em ployed i n  d e a l in g  w i th  X , X* and  and  w i l l  o n ly  be  o u t l in e d* 6  w 6
b r i e f l y .  We w ish  t o  p ro v e  t h a t  and b e lo n g  b o th  t o  t h e
i r r e d u o i b l e  r e p r e s e n t a t i o n s  o f  C2v and  C-j^ a n d , i n  a d d i t i o n ,  t o  th e  
same i r r e d u c i b l e  r e p r e s e n t a t i o n s  a s  do $ ( 0 0 0 ) ,  (0 0 0 ) and  £> "(000).
F o r  t h i s  p u rp o se  i t  i s  f i r s t  n e c e s s a ry  t o  p ro v e  t h a t  J ( 0 0 0 ) ,  (£’ (0 0 0 ) ,
2  " (0 0 0 )  a c t u a l l y  do b e lo n g  t o  i r r e d u o i b l e  r e p r e s e n t a t i o n s  o f  C2v 
o r ,  a t  l e a s t ,  t h a t  th e y  can  be  so  chosen  a s  t o  b e lo n g  t o  su ch  r e p r e s e n ­
t a t i o n s  w i th o u t  c o n t r a d ic t in g  any  o f  t h e  p r e v io u s  r e s u l t s  o r  h y p o te h s e s .  
I n  o r d e r  t o  do t h i s  we n o te  f i r s t  t h a t  i f  any  p a i r  o f  f u n c t io n s  b e lo n g  
t o  a  tw o d im e n s io n a l r e p r e s e n t a t i o n  o f  D , ^ ,  th e n  an y  tw o o r th o g o n a l  
and  n o rm a liz e d  l i n e a r  c o m b in a tio n s  o f  t h e  p a i r  w i l l  a l s o  b e lo n g  t o  t h e  
same i r r e d u o i b l e  r e p r e s e n t a t i o n .  M oreover, s in c e  C2v i s  a  subg ro u p  o f  
D a o h *  i t  f o l lo w s  t h a t  an y  i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  a l s o  p r o ­
v id e s  a  r e p r e s e n t a t i o n  ( n o t  n e c e s s a r i l y  i r r e d u c i b l e )  o f  C2v.» I f  t h i s  
r e p r e s e n t a t i o n  i s  r e d u c ib le  i t ,  c a n  be re d u o e d , by means o f  a t r a n s ­
fo rm a t io n ,  i n t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  Cg^, i . e .  e x p re s s e d  a s  
th e  d i r e c t  sum o f  su c h  i r r e d u o i b l e  r e p r e s e n t a t i o n s .  I f  t h e  r e p r e s e n ­
t a t i o n  i s  p ro v id e d  by o r th o g o n a l  and n o rm a liz e d  f u n c t i o n s ,  as  i s  t h e  
c a se  h e r e ,  t h e n  th e  t r a n s o f r m a t io n  r e f e r r e d  t o  i s  e q u iv a le n t  t o  r e ­
p la c in g  a  p a i r  o f  f u n c t io n s  by  a  p a i r  o f  l i n e a r  c o m b in a tio n s  e a c h  o f  
w h ich  b e lo n g s  t o  an  i r r e d u o i b l e  r e p r e s e n t a t i o n  o f  C2 v . M oreover, 
i n s p e c t io n  o f  t h e  c h a r a c te r  t a b l e  shows t h a t  t h e  tw o d im e n s io n a l 
r e p r e s e n t a t i o n s  o f mus't  t e  8ums o f e i t h e r  A^ and o r  A«> and
B2 i n  e v e ry  c a s e .  L e t u s  suppose  t h a t  l i n e a r  c o m b in a tio n s  h av e  b e e n  
ch osen  su ch  t h a t  th e  f u n c t io n s  b e lo n g  b o th  t o  i r r e d u c i b l e  r e p r e s e n t a ­
t i o n s  o f  Dooh and a l s o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  (A-^, o r  Ag , Bg
r e s p e c t i v e l y )  o f  C,,^. Then t h i s  same p a i r  o f f u n o t io n s  w i l l  c e r t a i n l y  
b e lo n g  t o  a n  i r r e d u c i b l e  r e p r e s e n t a t i o n  o f C ^ y ,  s in c e  an y  p a i r  o f  
f u n c t i o n s  w h ich  b e lo n g  t o  a  tw o  d im e n s io n a l  r e p r e s e n t a t i o n  o f  Dooh 
w i l l  c e r t a i n l y  b e lo n g  t o  a  tw o d im e n s io n a l  r e p r e s e n t a t i o n  o f  Cooy 
a s  i s  e v id e n t  fro m  in s p e c t i n g  t h e  c h a r a c t e r  t a b l e s  o f  th e  tw o g ro u p s .
Wow we n o te  t h a t  t h e  p a r t i c u l a r  p a i r  o f  f u n c t io n s  w h ich  b e lo n g  s im u l­
ta n e o u s ly  t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  D(x>h an(1 ^2v  mus^ ®.lso 
b e lo n g  t o  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  T h is  f o l lo w s  b e c a u s e  a l l
t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  0%^  a r e  one d im e n s io n a l and so  a r e  th o s e  
o f  C ih  and  m o reo v e r, i s  a  su b g ro u p  o f  Cgy. S in ce  e v e ry  r e p r e s e n t a ­
t i o n  o f  Cgv  a l s o  p r o v id e s  a  r e p r e s e n t a t i o n  o f  C ^ ,  and s in c e  t h a t  r e ­
p r e s e n t a t i o n  i s  one d im e n s io n a l ,  i t  f o l lo w s  t h a t  i t  m ust a l s o  b e  an  
i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  Cl h * The p a i r  o f  f u n c t io n s  w h ich  b e lo n g  
t o  a  tw o d im e n s io n a l  r e p r e s e n t a t i o n  o f  and  s im u l ta n e o u s ly  t o
i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  C2 V» m ust t h e r e f o r e  b e lo n g  a l s o  t o  
i r r e d u o i b l e  r e p r e s e n t a t i o n s  o f  and  a l s o  t o  a  tw o d im e n s io n a l r e p r e ­
s e n t a t i o n  o f  Cgv  a s  h a s  b e e n  s t a t e d  a b o v e . The n a tu r e  o f  i s  a l s o
su c h  t h a t  t h e  r e p r e s e n t a t i o n s  o f  a r e  A1 and A” a s  was assum ed a t
t h e  o u t s e t .  L e t t h e  tw o f u n c t io n s  ( 0 0 0 )  and  ^ " ( 0 0 0 )  be so  c h o se n  
a s  t o  b e lo n g  s im u l ta n e o u s ly  t o  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  fo u r  
g ro u p s  ^ooy* C2v an<i Cl h  s in c e  ^  1x818 l3e®n p ro v e n  above t o  be
p o s s i b l e .  We a r e  now i n  p o s i t i o n  t o  co m p le te  t h e  p ro o f  t h a t  and
b e lo n g  t o  t h e  same i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  Cg a s  do ^ * (0 0 0 )  
and  j^>M(0 0 0 ) ,  and t h a t  t h i s  can  be d o n e , a s  shown ab o v e , w ith o u t  con­
t r a d i c t i n g  any  o f  o u r p r e v io u s  r e s u l t s .  The a c t u a l  p ro o f  i s  s i m i l a r
i n
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e v e ry  n ay  t o  t h a t  em ployed i n  p ro v in g  a s im i l a r  th e o re m  f o r  $  2 and  
above an d  th e  s te p s  w i l l  be o m i t te d .  The p ro o f  t h a t  b e lo n g s  t o
2
t h e  same i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  C a s  does $ ( 000) can  a l s o
2v *
be o b ta in e d  i n  t h e  same w ay.
I t  i s  o b v io u s  t h a t  a  p ro o f  t h a t  ? ! •  $  ^ and  b e lo n g  t o  i r r e ­
d u c ib le  r e p r e s e n t a t i o n s  o f  Dgj ^  w h ich  a r e  t h e  same a s  th o s e  f o r  §  ( 0 0 0 ) ,  
£ < ( 0 0 0 )  and  ^ * '(0 0 0 )  can  be o b ta in e d  i n  t h e  same way w ith o u t im p o sin g  
any  new r e s t r i c t i o n s .
The r e s u l t s  o f  t h e  above argum ent can  be sum m arized a s  fo llo w s*
f  (QlQgQg) a r e  tw o e ig e n f u n c t io n s  w h ich  re d u c e  i n  
t h e  l i m i t  t o  tw o f u n c t io n s  <£’ (000 ) and  <£"(000) o f  a  d o u b ly  d e g e n e ra te  
r e p r e s e n t a t i o n  o f  th e n  ( i )  t h e  p a i r  o f  f u n c t io n s  J *  (000) and
^ " ( 0 0 0 )  b e lo n g  s im u l ta n e o u s ly  t o  th e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  
f o u r  g ro u p s  D ^ ,  C<DV, C2v and  Cl h j ( i i )  t h e  d e r i v a t i v e s  and 
b e lo n g  t o  th e  same i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f a s  do 5^* (000)
and  £ " ( 0 0 0 )  and a t  t h e  same tim e  t o  t h e  r e s p e c t iv e  r e p r e s e n t a t i o n s  A1,
A” o f  Cjjj* ( i i i )  $  g and  ^ 2  lje3-onS " ^ e  saine i r r e d u c i b l e  r e p r e s e n t a ­
t i o n s  o f  v  a s  do (000) an d  < £ " ( 0 0 0 ) , and  a t  th e  same tim e  t o  A*,
A” , r e s p e c t i v e l y ,  o f  C j^  ( i v )  and  ^  b e lo n g  t o  t h e  same i r r e d u c i ­
b le  r e p r e s e n t a t i o n s  o f  Cgv  a s  do (£ (0 0 0 )  and  $ '( 0 0 0 ) ,  and a t  t h e  same 
t im e  t o  t h e  r e p r e s e n t a t i o n s  A’ , AM o f  r e s p e c t i v e l y .
S im i la r  s ta te m e n ts  a p p ly  a l s o  t o  § 0 0 0 ) ,  e x c e p t t h a t
th e  r e p r e s e n t a t i o n s  a r e  one d im e n s io n a l and th e  a p p r o p r ia te  r e p r e s e n t a ­
t i o n  o f  (A 1 o r  A” ) m ust be  s e l e c t e d  t o  a c c o rd  w i th  th e  l i m i t  fu n c ­
t i o n  <£(ooo).
W ith  th e s e  r e s u l t s  e s t a b l i s h e d  we a r e  now i n  p o s i t i o n  t o  c o n s id e r  
th e  pow er s e r i e s  e x p a n s io n  o f  t h e  e l e c t r o n i c  d ip o le  moment i n t e g r a l *  
L e t f '  and f w d e n o te  r e s p e c t i v e l y  th e  d ip o le  moment i n t e g r a l s  when
X6 X6
t h e  e x c i te d  s t a t e s  a r e  1 and Then on ex p an d in g  i n  s e r i e s  we
o b ta in
r"xe
L e t
r ^ (o o o ) + R  f *  (O00)/^ ,, $ J d T +  |  J ' ( 00° ) dT j
'  | f  * (000) / l JI„ J ' d T  L - ,.  -  j  £ ♦ / < „ $ ■  (ooo)dT
-  | f « ( 000) / - x e J j d r  1^  = | i " ( o o o ) d T
TJie x ,  y ,  and z c o o r d in a te s  a r e  a s  fo llo w s *  y  i s  p e r p e n d ic u la r  t o  th e  
p la n e  o f  th e  m o le c u le  and x  i s  a lo n g  th e  tw o  f o l d  a x i s  when th e  sym m etry 
i s  Cgv * z i s  p e r p e n d ic u la r  t o  b o th  x  and  y .
C o n s id e r s p e c i f i c a l l y  an  a p p l i c a t i o n  t o  th e  c a se  i n  w h ich  th e  
e x c i t e d  s t a t e  i s  n when -  Qg = Q3  *  0 .  The l i m i t i n g  f u n c t io n s  
£ '(0 0 0 )  an d  <j?n(000) th e n  b e lo n g  t o  th e  i r r e d u c i b l e  r e p r e s e n t a t i o n  
Y i  o f  T h is  r e p r e s e n t a t i o n  a l s o  g iv e s  r i s e  t o  a  r e p r e s e n t a t i o n
o f  Cgv  w hich  c o n ta in s  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  Ag and Bg* The 
f u n c t io n s  (000) and $ ”(000) when ch osen  t o  b e lo n g  t o  Ag and  Bg,
4.
th e n b e lo n g  s im u l ta n e o u s ly  t o  ^oov anc* an(* ’ r 6 8 Pec t i v e l y ,
C-|^» L e t th e  i n i t i a l  s t a t e  be Then ^f(QQO) b e lo n g s  t o
& S
o f  and  s im u l ta n e o u s ly  to  ^T+ o f  Coov>t o  A't o f  C2 V ,&nd t o  A* o f
^ lh»  s n^oe ^ ( 0 0 0 ) i s  i n v a r i a n t  u n d e r  a l l  o p e r a t io n s  o f  and  h en ce
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a l l  o p e r a t io n s  o f  a l l  t h e  above g roups*  T h is  now p ro v id e s  a l l  th e  
in fo rm a t io n  n e c e s s a ry  f o r  c l a s s i f i c a t i o n  o f  a l l  t h e  d e r i v a t i v e s .  T hese 
have b e e n  a r ra n g e d  i n  T a b le  XV. The f i r s t  colum n l i s t s  a l l  p e r t i n e n t  
f u n c t i o n s .  The h e a d in g s  o f  t h e  seco n d , t h i r d ,  f o u r t h ,  and f i f t h  colum ns 
c o n ta in  th e  sym bols f o r  t h e  a p p r o p r ia te  sym m etry g ro u p s  and i n  eac h  
colum n w i l l  be  fo u n d  t h e  sym bols o f  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  t o  
w h ich  t h e  f u n c t io n s  b e lo n g .  W ith  t h i s  in fo r m a t io n ,  th e  i n t e g r a l s  K'o t i »
K” , L ' , and  LH (w here *  d e n o te s  one o f th e  c o o r d in a te s ,  x ,  y ,  o r  *) 
* i  c<i c<i
may be t r e a t e d  i n  e x a c t ly  th e  same way a s  was t h e  e l e c t r o n i c  t r a n s i t i o n  
moment i n  S e c t io n s  7 .3 .1 ,  7 * 3 .2 , and  7 * 3 .3 . U sing  t h i s  m ethod , t h e  
s e l e c t i o n  r u l e s  f o r  t h e  tw o t r a n s i t i o n s
may be  c o m p le te ly  w orked  o u t .
The fo l lo w in g  s e l e c t i o n  r u l e s  have b een  fo u n d  f o r  th e  above tw o 
t r a n s i t i o n s .  0 i n d i c a t e s  t h a t  th e  i n t e g r a l  v a n is h e s ,  and  + i n d i c a t e s  
t h a t  i t  does n o t .
■* Ai^00rrelatins with n>
^ ^ ( c o r r e l a t i n g  w i th  T V
L»
<*i * i
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A SSIG N M EN T OF WAVE FUNCTIONS TO IR R E ­
DUCIBLE REPRESENTATIONS FOR THE TRANSITION
I  *  —  T T  g g
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b 2
A 2
A'
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x
y
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K"
0
0
0
L”
00
+
0
0
0
0
*
x
y
z
1
0
0
0
0
0
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The tw o t r a n s i t i o n s  
j ,______*
■ ^ / ^ ( c o r r e l a t i n g  w ith
c o r r e l a t i n g  w ithi t  A * , )
have b e e n  t r e a t e d  i n  th e  same manner« T a b le  XVI o o n ta in s  a l l  t h e  i n f o r ­
m a tio n  n e c e s s a r y  i n  t h i s  c a s e .  I t  h a s  b een  w orked o u t i n  a  m anner
a n a lo g o u s  t o  t h a t  u se d  f o r  T a b le  XV. The r e s u l t i n g  s e l e c t i o n  r u l e s  
a r e  g iv e n  b e lo w .
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y
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0
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From th e  above r e s u l t s ,  i t  becom es o b v io u s  t h a t  t o  th e  d e g re e  o f
a c c u ra c y  o f  t h i s  a p p ro x im a tio n , t h e  t r a n s i t i o n
 -------^  j \ z  ( c o r r e l a t i n g  w ith  / \  ^
i s  e l e c t r i c a l l y  a l lo w e d , b u t  t h e  t r a n s i t i o n
( c o r r e l a t i n g  w i th / \
i s  e l e c t r o n i c a l l y  f o r b id d e n .  From t h e  c o n s id e r a t io n s  o f  S e c t io n  7 .3 .4 .1  
i t  i s  c l e a r  t h a t  th e  l a t t e r  t r a n s i t i o n  i s  fo rb id d e n  o n ly  b e c a u se  te rm s  
in  t h e  power s e r i e s  e x p a n s io n  h ig h e r  th a n  th e  f i r s t  have b e e n  n e g le c te d .  
Some o f  t h e  h ig h e r  o r d e r  te rm s  w i l l ,  o f  c o u r s e ,  b e  n o n -v a n is h in g .
7 .3 .4 .4  C om parison w i th  M u ll ik e n 's  " C o n v e n tio n a l” Method
T here s t i l l  rem a in s  th e  p ro b lem  o f  c o r r e l a t i n g  t h i s  t r e a tm e n t  o f 
t h e  s e l e c t i o n  r u l e s  w i th  t h a t  em ployed by M u llik e n  (3 3 ) and  w h ich  h as  
b e e n  r e f e r r e d  t o  i n  t h i s  w ork  a s  th e  " c o n v e n tio n a l"  t r e a tm e n t .  A lth o u g h  
M u ll ik e n 's  d e r i v a t i o n  o f  th e  s e l e c t i o n  r u l e s  was to o  r e s t r i c t e d  t o  le a d  
t o  a c c u r a te  r e s u l t s ,  n e v e r th e le s s  we have  r e t a in e d  t h e  h y p o th e s is  t h a t  
t h e  u p p e r  s t a t e  h a s ,  i n  t h e  im m ediate  v i c i n i t y  o f  th e  e q u i l ib r iu m  
p o s i t i o n s ,  symmetry C2 T» Hence th e  wave f u n c t io n s  f o r  t h e  e x c i te d  
s t a t e  w h ich  a r i s e  on d e fo rm a tio n  o f  an  i n i t i a l l y  l i n e a r  m o lecu le  i n
Ag and Bg o f  Cgv when th e  deform ed m o lecu le  h a s  t h a t  sym m etry. H ow ever, 
th e  wave f u n c t io n s  em ployed i n  t h e  above t r e a tm e n t  o f  th e  s e l e c t i o n  
r u l e s  b e lo n g  t o  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  A’ and A" o f  C^h  r a t h e r
w i l l  c e r t a i n l y  b e lo n g  t o  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s
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th a n  t o  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  Ag and Bg o f  Cg^. The c o n n e c t io n  
i s ,  ho w ev er, e a s y  t o  e s t a b l i s h ,  a s  f o l lo w s .  I f  we w ere t o  p a s s  from  t h e
c o n f ig u r a t io n  by  means o f  a  c o n t in u o u s , b u t  g e n e r a l ,  d is p la c e m e n t o f  th e  
n u c l e i ,  th e n  th e  n u c le i  i n  t h e  in te r m e d ia te  s ta g e s  w ould have sym m etry 
C^h . I f  th e  wave f u n c t io n  f o r  th e  i n i t i a l  ( l i n e a r )  c o n f ig u r a t io n  w ere
b e lo n g  t o  A ' and  A” o f  and u l t i m a t e l y  w ould  a p p ro a c h  r e s p e c t i v e l y  
t o  B and A_ o f  C9 i n  th e  f i n a l  c o n f ig u r a t io n  o f sym m etry Cgy. A
C 6 fcV
g e n e r a l  t r e a tm e n t  o f su ch  c a s e s  h a s  b een  g iv e n  by K. E . S h u le r  (5 6 ) 
and t h e  fo l lo w in g  d is c u s s io n  i s  b a se d  m a in ly  on h i s  w o rk .
I t  i s  a  known f a c t  t h a t  th e  e n e rg y  cu rv e  f o r  tw o s t a t e s  w h ich  
b e lo n g  t o  t h e  same i r r e d u c i b l e  r e p r e s e n tV t io n  o f  a  group  c a n n o t c r o s s  
when a  p a ra m e te r  i s  changed  w hich  d o es  n o t  a l t e r  t h e  sym m etry . Two
s t a t e s  b e lo n g in g  t o  d i f f e r e n t  i r r e d u c i b l e  r e p r e s e n t a t i o n s  may, how ever,
c r o s s  f r e e l y .  I n  th e  p r e s e n t  a p p l i c a t i o n ,  we can  p a s s  c o n t in u o u s ly  
from  a c o n f ig u r a t io n  o f  symmetry t o  one o f  sym m etry C2 V th ro u g h
an in t e r m e d ia te  s e t  o f  s t a t e s  w ith  symmetry I f  we w ere  t o  l i s t
on th e  l e f t  s id e  o f  a  c o r r e l a t i o n  d iag ram  a l l  o f  th e  s t a t e s  o f  a  sy s te m
w ith  Cgv  sym m etry i n  t h e  o rd e r  o f  in c r e a s in g  e n e rg y  and do t h e  same on 
th e  r i g h t  s id e  f o r  a l l  o f  th e  s t a t e s  f o r  th e  same sy stem  w ith  
sym m etry, th e n  t h e r e  i s  one, and  o n ly  one, way i n  w hich  p a i r s  o f  s t a t e s  
may be c o n n e c te d  w i th  l i n e s  w h ich  obey th e  n o n - c r o s s in g  r u l e .  We 
assum e, o f  c o u r s e ,  t h a t  th e  l i n e s  r e p r e s e n t  ( s c h e m a t ic a l ly )  t h e  o o u rse  
o f  th e  e n e rg y  a s  a  f u n c t io n  o f  n u c le a r  c o n f ig u r a t io n  f o r  some s p e c i a l
l i n e a r  c o n f ig u r a t io n  o f  n u c le i  t o  th e  f i n a l  n o n - l i n e a r  (Cgv )
th e n  th e  wave f u n c t io n s  i n  t h e  in te r m e d ia te  s ta g e s  w ould
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p a th  some p o in t  a t  w hich  th e  n u c le a r  sym m etry i s  C ^ .  A l l  t h e  i r r e d u c i ­
b l e  r e p r e s e n t a t i o n s  o f  Cgv  a r e  one d im e n s io n a l*  H ence, th e  d e s ig n a t io n  
o f  th e  te rm  sym bol f o r  th e  wave f u n c t io n  i n  th e  n u c le a r  c o n f ig u r a t io n  
w i th  sym m etry Cgv  and a l s o  t h e  s t a t e  o f  e x c i t a t i o n  ( f i r s t  e x c i t e d ,  second  
e x c i t e d ,  e tc * )  u n iq u e ly  d e s ig n a te s  t h e  c u rv e  w hich  c o n n e c ts  t h i s  s t a t e  
t o  t h a t  f o r  t h e  c o n f ig u r a t io n .  The w ork o f  th e  t h r e e  fo re g o in g
s u b - s e c t io n s  diow s, how ever, t h a t  th e  d e r iv a t io n  o f  s e l e c t i o n  r u l e s  
in v o lv e s  c o n s id e r a t io n  o f  th e  wave f u n c t io n s  a t  a l l  in t e r m e d ia te  con­
f i g u r a t i o n s  r a t h e r  th a n  m e re ly  a t  t h e  t e r m in a l  c o n f ig u r a t io n s ,  a s  
M u llik e n  assum ed i t  in v o lv e s .  I t  i s ,  how ever, q u i t e  a p p r o p r ia te  t o  
d e s ig n a te  t h e  s t a t e  by  means o f  th e  te rm  symbol B f o r  th e  t e r m in a l  
c o n f ig u r a t io n .  F o r th e  s t a t e s  d e s c r ib e d  b y  th e  wave f u n c t io n s  and
i
§ n i n  t h e  above t r e a tm e n t ,  th e  a p p r o p r ia te  te rm  sym bols f o r  t h e  t e r ­
m in a l c o n f ig u r a t io n s  a r e  Bg and  A g ,r e s p e c t iv e ly ,  when th e  te rm  sym bol 
f o r  t h e  o th e r  ( l i n e a r )  t e r m in a l  c o n f ig u r a t io n  i s  TTg- I t  a l s o  t u r n s  ou t 
t h a t  th e  same tw o te rm  sym bols f o r  t h e  te r m in a l  (Cgy ) c o n f ig u r a t io n  a r e  
in v o lv e d  when t h e  o th e r  te r m in a l  (Dooh) c o n f ig u r a t io n  h a s  te rm  symbol
1 A X----+A  .  The s ta te m e n t  t h a t  "a  t r a n s i t i o n  h a s  o c c u rre d  from  th e  \
U 6
ground  s t a t e  t o  a  n o n - l i n e a r  sy m m e tric a l Ag s t a t e ” h a s  a  p e r f e c t l y  
d e f i n i t e  and c o r r e c t  m eaning a s  lo n g  a s  we re c o g n iz e  t h a t  t h e  Ag 
sym bol f o r  a  m o le c u le  o f  Cgv  symmetry i s  m e re ly  th e  means f o r  u n iq u e ly  
d e s ig n a t in g  th e  t e r m in a l  p o in t  on a  c o r r e l a t i o n  d ia g ra m . I t  c e r t a i n l y  
d o es  n o t  im p ly , how ever, t h a t  th e  e l e c t r o n i c  wave f u n c t io n s  i n  th e  
d ip o le  moment i n t e g r a l  b e lo n g  t o  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  
C2 v . I t  w ould b e  even  more d e s c r ip t i v e  o f  th e  t r a n s i t i o n  i f  b o th
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t e r m in a l  p o in t s  on t h e  c o r r e l a t i o n  d ia g ra m  w ere t o  be g iv e n ,  a n d , i n  
f a c t ,  t h i s  p r a c t i c e  h a s  been  a d h e re d  t o  th ro u g h o u t t h i s  w ork , u s in g  th e  
w ords " c o r r e l a t i n g  w i th " .
C o n s id e r  now th e  fo l lo w in g  t r a n s i t i o n s *
V  + 1 ,
\ ....   - ■■ 1 — ~y  ^  ( c o r r e l a t i n g  w i th  I ly )
<3
and fe:----- >a ( c o r r e l a t i n g  w i th  n>
■4
The r e s u l t s  o f  t h e  p re c e d in g  s e c t io n  show t h a t  t h e  c o n s ta n t  te rm  i n  
t h e  e x p a n s io n  o f  v a n is h e s  i n  b o th  c a s e s ,  b u t  t h e r e  a r e  n o n -v a n is h in g  
l i n e a r  te rm s  i n  b o th  c a s e s .  On th e  o th e r  h a n d , f o r  th e  t r a n s i t i o n s ,
and
X  >A ^ ( c o r r e l a t i n g  w ith
( c o r r e l a t i n g  w i th  A j
t h e  l i n e a r  te rm s  v a n is h  f o r  th e  f i r s t  t r a n s i t i o n ,  b u t  n o t f o r  t h e  seco n d
o n e . The c o n s ta n t  te rm s  v a n is h  f o r  b o th .  The im p l ic a t io n  becom es
11
s t r o n g  t h a t  t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  th e  t r a n s i t i o n  y  „ -------^ A,
( ^  ) i s  an  o rd e r  o f m ag n itu d e  s m a l le r  th a n  f o r  t h e  t h r e e  re m a in in g  
t r a n s i t i o n s .  The e x p e r im e n ta l  r e s u l t s  o f  t h i s  w ork show t h a t  th e  two 
lo w e s t e n e rg y  t r a n s i t i o n s  have t r a n s i t i o n  p r o b a b i l i t i e s  w h ich  d i f f e r  by 
l e s s  th a n  50$ and hence th e  f i r s t  o f  th e  above p a i r  i s  s t r o n g ly  im p lie d  
a s  t h e  c o r r e c t  p a i r .  I t  i s ,  o f  c o u r s e ,  ob v io u s  t h a t  an  a c c u r a te  c a lc u ­
l a t i o n  o f  th e  v a r io u s  i n t e g r a l s  w ould be  r e q u i r e d  i n  o rd e r  t o  r ig o r o u s ly  
p ro v e  t h i s  p o i n t .  F o r th e  p r e s e n t ,  how ever, th e  above i d e n t i f i c a t i o n  
i s  t e n t a t i v e l y  a d o p te d .
A P P E N D I X  I
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APPENDIX I
MODIFICATIONS IN TEE ELECTRON SPECTROMETER
T h is  a p p e n d ix  s e c t i o n  s e r v e s  t o  s t a t e  s e v e r a l  o f  t h e  more im p o r­
t a n t  m o d i f ic a t io n s  w hich  have been  made i n  t h e  e l e c t r o n  s p e c tro m e te r  
m e re ly  a s  a  m a t te r  o f  re o o rd  f o r  r e f e r e n c e  by f u t u r e  w o rk e rs  i n  t h i s  
l a b o r a to r y .
The ra n g e  o f  t h e  e l e c t r o n  s p e c tro m e te r  h a s  b een  e x te n d e d  from  i t s  
fo rm e r l i m i t  o f  40 v o l t s  e n e rg y  lo s s  t o  80 v o l t s  e n e rg y  l o s s ,  so  t h a t  
now t h e  i n t e n s i t y  o f  e l e c t r o n s  w h ich  have l o s t  any  am ount o f  e n e rg y  from  
0 t o  80 v o l t s  upon c o l l i s i o n  may be s tu d ie d .  T h is  was done by ch an g in g  
B3  from  a  45 v o l t  t o  a  90 v o l t  b a t t e r y ,  and  ch an g in g  B5  s i m i l a r l y .  In  
th e  case  o f  Bg, i t  w as found  t h a t  th e  b a t t e r i e s  te n d e d  t o  h av e  to o  
g r e a t  o f  a  downward p o t e n t i a l  d r i f t  o v e r th e  c o u rs e  o f  a  ru n ,  and Bg 
w as t h e r e f o r e  changed t o  a  90 v o l t  b a t t e r y  c o n s i s t i n g  o f  f o u r  45 v o l t  
b a t t e r i e s —tw o i n  s e r i e s  and tw o i n  p a r a l l e l .
I t  became n e c e s s a ry  t o  r e p la c e  t h e  tu n g s te n  s u sp e n s io n  w ire  i n  t h e
K nudsen g au g e . T h is  changed  th e  c a l i b r a t i o n  o f th e  g au g e , b u t  s in c e  
an  a c c u r a te  c a l i b r a t i o n  has  b een  shown t o  b e  u n n e c e s s a ry  ( 3 7 ) ,  i t  w as 
n o t r e c a l i b r a t e d .  An in d i c a t i o n  o f  th e  change i n  c a l i b r a t i o n  c a n  be 
o b ta in e d  from  th e  v a lu e s  o f  f o r  c a rb o n  d io x id e .  W ith  th e  o ld  su sp e n ­
s io n  w i r e ,  th e  v a lu e  w as 6 0 .0 .  Upon i n s t a l l i n g  a  new w ir e ,  t h e  v a lu e
o f  e( was found  t o  be 4 9 .0 ,  a  change o f  ab o u t 18%.
A c o n s ta n t  so u rc e  o f  d i f f i c u l t y  i n  t h e  e l e c t r o n  m u l t i p l i e r  had 
been  t h e  c o n ta c ts  b e tw een  th e  c a rb o n  p ie c e s  and th e  n i c k e l  w ire s  w hich  
a r e  a t t a c h e d  t o  th e  d y n o d e s . T here was a  te n d e n c y  f o r  t h e  w ir e s  t o
-  17k --  :v: -
* 175 -
p i t  t h e  ca rb o n  s u r f a c e s  a t  t h e  p o in t  o f  c o n ta c t  th e r e b y  c a u s in g  an  
o c c a s io n a l  p o o r e l e c t r i c a l  c o n ta c t  w hioh  g r e a t l y  a f f e c t e d  th e  e f f i ­
c ie n c y  o f  th e  e l e c t r o n  m u l t i p l i e r .  T h is  was e l im in a te d  by m aking some 
’'c a p s "  o f  0 .0 0 5 "  t h i c k  b r a s s  w hich  f i t  o v e r  t h e  ends o f  t h e  ca rb o n  
p i e c e s ,  th u s  i n s u r in g  good c o n t a c t .  S in c e  t h i s  was d o n e , no d i f f i c u l t y  
h a s  b e e n  e x p e r ie n c e d  i n  t h i s  a r e a .
a p p e n d i x  I I
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APPENDIX I I  
DERIVATION OF A P 2 APPROXIMATION FORMULA
L et P^ be t h e  -v ec to r momentum o f t h e  in c id e n t  e l e c t r o n ,  Pg th e  
v e c to r  momentum o f  th e  s c a t t e r e d  e l e c t r o n ,  and  Ap2 th e  v e c to r  change 
i n  momentum. Then
Ap2 5 |Ap I2 = |£ , -  ? , | 2 = Jp2| 2 + Ip-lI2 - 2|p2| I p^ cos©
w here 0  i s  t h e  s c a t t e r i n g  a n g le .  We c a n  e x p re s s  th e  momenta i n  te rm s
2P.
and
x = 2E
P22 * 2(E  -  W)
w here E i s  t h e  e n e rg y  o f  th e  i n c id e n t  e l e c t r o n  and W i s  t h e  en e rg y  lo s s  
upon c o l l i s i o n .  Making th e s e  s u b s t i t u t i o n s ,  we have
1/2
r  i 1 / 2
AP2 -  2(E -  W) + 2E -  4 |E (E  -  W )J c o s 0
— WL et u s  now d e f in e  E = E -  ■£, and s u b s t i t u t e  t h i s  i n t o  ou r e x p r e s s io n ,  
th u s  o b ta in in g  _
Ap2 = 4E -  4 j l 2 J  oos Q
mah [1'(iJ]/ °°s6t
S in c e  4¥ i s  much g r e a t e r  th a n  W f o r  th e  a c c e l e r a t i n g  v o l t a g e s  u sed  in  
t h i s  w ork , we may expand th e  r a d i c a l  i n  a pow er s e r i e s .  M aking th e  
e x p a n s io n  and  r e t a i n i n g  t h e  f i r s t  tw o te rm s ,  we have
A p 2 -  4e £ l  -  O O S 0  +  c o s O j
H  4 [■ - V*= 4E |  2 s in
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o f e n e rg y  and c o n v e r t  t o  H a r t r e e  a to m ic  u n i t s ,  o b ta in in g  y .
N e g le c t in g  l / Z  [ “= ]  w ith  r e s p e c t  t o  u n ity ,  we have
ow hich  i s  th e  fo rm u la  u sed  f o r  c a l c u l a t i n g  AP th ro u g h o u t t h i s
A P P E N D I X  I I I
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APPENDIX I I I
T h is  a p p e n d ix  s e c t i o n  c o n ta in s  th e  "raw " d a ta  o f  a l l  c o l l i s i o n  
c r o s s  s e c t io n s  m easured  i n  t h i s  w o rk . I n  a d d i t i o n ,  t h e r e  i s  l i s t e d  
on eac h  t a b l e  t h e  "raw ” v a lu e s  o f  t h e  d i f f e r e n t i a l  ( o r  g e n e r a l iz e d )  
o s c i l l a t o r  s t r e n g th s  a s  c a l c u l a t e d  from  th e  raw  c o l l i s i o n  c ro s s  
s e c t io n s  by  t h e  e q u a t io n s  o f S e c t io n  1 . The word "raw " r e f e r s  t o  th e  
d a ta  e x a c t ly  a s  m easured  w ith o u t  th e  a p p l i c a t i o n  o f  any  sm oo th ing  
fo rm u la e , c u rv e s ,  e t c .
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APPENDIX TABLE I
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR THE 8 .6 1  ev  PEAK
AT 51 2 .6 3  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  2 \P ^  C ounts p e r
A ngle (A tondo U n i ts )  Ten Seconds S f*
13 .20 1 .9 7 7 18 0 .0 1 1 1 0 0 .0 0 3 5 0 1
12 .20 1 .690 21 0 .0 1 1 9 9 0 .0 0 3 2 3 3
11 .20 1 .426 33 0 .0 1 7 3 2 0 .003940
1 0 .2 0 1 .1 8 4 52 0 .0 2488 0 .004700
9 .2 0 0 .9 6 4 0 97 0 .0 4 1 9 3 0 .0 0 6 4 4 9
8 .2 0 0 .7 6 6 7 155 0 .0 5 9 7 4 0 .0 0 7 3 0 6
7 .2 0 0 .5 9 1 8 357 0 .1 2 0 9 0 .0 1 1 4 2
6 .2 0 0 .4 3 9 8 619 0 .1 8 0 7 0 .0 1 2 6 8
5 .7 0 0 .3 7 2 1 854 0 .2 2 9 2 0 .0 1 3 6 1
5 .2 0 0 .3 1 0 3 1235 0 .3 0 2 5 0 .0 1 4 9 8
4 .7 0 0 .2 5 3 9 1696 0 .3 7 5 7 0 .0 1 5 2 2
4 .2 0 0 .2 0 3 4 2282 0 .4 5 1 7 0 .0 1 4 6 6
-4 .3 0 0 .2 1 3 3 2240 0 .4 5 3 9 0 .0 1 5 4 5
-4 .8 0 0 .2 6 4 8 1552 0 .3 5 1 1 0 .0 1 4 8 3
- 5 .3 0 0 .3 2 2 2 1114 0 .2 7 7 9 0 .0 1 4 2 8
-5 .8 0 0 .3 8 5 3 758 0 .2 0 7 2 0 .0 1 2 7 4
-6 .8 0 0 .5 2 8 3 421 0 .1 3 4 1 0 .0 1 1 3 5
-7 .8 0 0 .6 9 4 0 214 0 .07848 0 .008688
-8 .8 0 0 .8 8 2 7 106 0 .0 4 3 8 2 0 .0 0 6 1 7 1
-9 .8 0 1 .093 56 0 .0 2 5 7 5 0 .0 0 4 4 9 1
-1 0 .8 0 1 .326 33 0 .0 1 6 7 1 0 .003536
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APPENDIX TABLE I I
COLUSION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR THE 9 .1 6  ev  PEAK
AT 5 1 2 .6 3  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  A p 2 C ounts p e r
A ngle (A tom ic U n i ts )  Ten Seconds S f*
13 .20 1 .976 18 0 .0 1 1 1 3 0 .0 0 3 7 3 5
12.20 1 .689 29 0 .0 1 6 5 8 0 .0 0 4 7 5 5
11 .2 0 1 .425 37 0 .0 1 9 4 4 0 .0 0 4 7 0 4
10 .20 1 .183 57 0 .0 2 7 3 1 0 .0 0 5 4 8 7
9 .2 0 0 .9 6 3 7 101 0 .0 4 3 6 8 0 .0 0 7 1 5 0
8 .2 0 0 .7 6 6 6 175 0 .0 6 7 5 1 0 .0 0 8 7 9 0
7 .2 0 0 .5 9 1 8 345 0 .1 1 6 9 0 .0 1 1 7 5
6 .2 0 0 .4 3 9 9 658 0 .1 9 2 2 0 .0 1 4 3 6
5 .7 0 0 .3 7 2 2 905 0 .2 4 3 1 0 .0 1 5 3 7
5 .2 0 0 .3 1 0 4 1303 0 .3 1 9 8 0 .0 1 6 8 5
4 .7 0 0 .2 5 4 1 1790 0 .3 9 6 8 0 .0 1 7 1 2
4 .2 0 0 .2 0 3 6 2452 0 .4 8 5 9 0 .01680
-4 .3 0 0 .2 1 3 4 2441 0 .4 9 5 2 0 .0 1 7 9 5
-4 .8 0 0 .2 6 5 0 1715 0 .3 8 8 2 0 .0 1 7 4 7
-5 .3 0 0 .3 2 2 3 1200 0 .2 9 9 8 0 .0 1 6 4 1
- 5 .8 0 0 .3 8 5 4 847 0 .2 3 1 7 0 .0 1 5 1 6
-6v80 0 .5 2 8 3 456 0 .1 4 6 0 0 .0 1 3 1 0
- 7 .8 0 0 .6 9 4 0 223 0 .0 8 1 8 7 0 .009652
-8 .8 0 0 .8 8 2 5 115 0 .0 4 7 6 1 0 .0 0 7 1 3 7
-9 .8 0 1 .0 9 3 74 0 .0 3 4 0 7 0 .0 0 6 3 2 3
-1 0 .8 0 1 .326 40 0 .0 2 0 2 8 0 .0 0 4 5 6 7
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APPENDIX TABLE I I I
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR THE 1 1 .0 9  ev  PEAK
AT 5 1 0 .4 1  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  A p2 C ounts p e r
A ng le  (A tom ic U n i ts )  T en Seoonds S f*
1 6 .9 3 3 .2 2 1 94 0 .0 5 1 6 7 0 .0 3 4 2 9
14 .93 2 .5 0 8 181 0 .0 8 8 0 6 0 .0 4 5 5 0
1 3 .93 2 .1 8 8 221 0 .1 0 4 6 0 .0 4 7 1 5
1 2 .9 3 1 .8 8 7 305 0 .1 2 8 9 0 .0 5 0 1 2
1 1 .9 3 1 .607 371 0 .1 4 4 8 0 .0 4 7 9 4
1 0 .9 3 1 .3 5 1 500 0 .1 7 9 0 0 .0 4 9 8 3
9 .9 3 1 .116 665 0 .2 1 6 5 0 .0 4 9 7 7
8 .9 3 0 .9 0 4 1 914 0 .2 6 7 9 0 .0 4 9 9 1
7 .9 3 0 .7 1 4 2 1503 0 .3 9 1 6 0 .0 5 7 6 4
6 .9 3 0 .5 4 6 7 3090 0 .7 0 4 2 0 .0 7 9 2 9
5 .9 3 0 .4 0 1 5 7288 1 .422 0 .1 1 7 6
5 .4 3 0 .3 3 7 5 11844 2 .1 1 6 0 .1 4 7 1
4 .9 3 0 .2 7 9 0 19612 3 .182 0 .1 8 3 0
4 .4 3 0 .2 2 6 2 31468 4 .5 9 0 0 .2 1 3 9
3 .9 3 0 .1 7 9 0 53962 6 .9 8 4 0 .2 5 7 6
- 4 .0 7 0 .1 9 1 6 44214 5 .9 2 5 0 .2 3 3 9
- 4 .5 7 0 .2 4 0 5 26028 3 .9 1 6 0 .1 9 4 0
- 5 .0 7 0 .2 9 4 8 15058 2 .5 1 3 0 .1 5 2 6
- 5 .5 7 0 .3 5 4 9 9414 1 .7 2 5 0 .1 2 6 1
- 6 .0 7 0 .4 2 0 7 5991 1 .1 9 5 0 .1 0 3 6
- 7 .0 7 0 .5 6 8 8 2608 0 .6 0 6 1 0 .0 7 1 0 3
- 8 .0 7 0 .7 3 9 5 1478 0 .3 9 1 8 0 .0 5 9 7 1
- 9 .0 7 0 .9 3 2 4 974 0 .2 8 9 8 0 .0 5 5 6 7
- 1 0 .0 7 1 .148 659 0 .2 1 7 5 0 .0 5 1 4 4
-1 1 .0 7 1 .385 485 0 .1 7 5 8 0 .0 5 0 1 7
- 1 2 .0 7 1 .6 4 5 388 0 .1 5 3 2 0 .0 5 1 9 2
-1 3 .0 7 1 .9 2 7 292 0 .1 2 4 7 0 .0 4 9 5 1
- 1 4 .0 7 2 .2 3 2 222 0 .1 0 1 9 0 .0 4 6 8 6
-1 5 .0 7 2 .556 160 0 .0 7 8 5 4 0 .0 4 1 3 6
-1 6 .0 7 2 .9 0 5 120 0 .0 6 2 7 2 0 .0 3 7 5 4
-1 7 .0 7 3 .2 7 3 92 0 .0 5 0 9 9 0 .0 3 4 3 9
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APPENDIX TABLE IV
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR THE 12 .39  ev  PEAK
AT 5 1 0 .8 3  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  A p2 C ounts per
A ngle (A tom ic U n its )  Ten Seconds S f*
1 5 .0 1 2 .5 3 7 150 0 .0 9 8 2 4 0 .0 5 7 4 2
1 4 .0 1 2 .2 1 1 186 0 .1 1 3 9 0 .0 5802
13 .01 1 .9 1 1 257 0 .1 4 6 3 0 .0 6 4 4 2
1 2 .0 1 1 .629 325 0 .1 7 1 0 0 .06418
1 1 .0 1 1.372 436 0 .2 1 0 6 0 .0 6 6 5 7
10 .01 1 .1 3 5 601 0 .2 6 4 3 0 .0 6 9 1 1
9 .0 1 0 .9 2 1 1 976 0 .3 8 6 5 0 .0 8 2 0 2
8 .0 1 0 .7 2 9 5 1702 0 .5 9 9 6 0 .1 0 0 8
7 .0 1 .5602 3372 1 .040 0 .1 3 4 3
6 .0 1 .4135 7292 1 .931 0 .1 8 4 0
5 .5 1 0 .3 4 7 9 10945 2 .658 0 .2 1 3 1
5 .0 1 0 .2 8 9 2 17419 3 .8 5 0 0 .2 5 6 5
4 .5 1 0 .2 3 5 3 26849 5 .3 4 1 0 .2 8 9 5
4 .0 1 0 .1 8 7 4 41877 7 .4 0 7 0 .3 1 9 8
- 3 .9 9 0 .1 8 4 4 44238 7 .784 0 .3 3 0 7
- 4 .4 9 0 .2 3 3 2 27357 5 .4 1 4 0 .2 9 0 9
-4 .9 9 0 .2 8 6 7 17252 3 .7 9 3 ' 0 .2 5 0 6
-5 .4 9 0 .3 4 5 7 11088 2 .6 8 4 0 .2 1 3 8
-5 .9 9 0 .4 1 0 5 7367 1 .9 4 4 0 .1 8 3 9
- 6 .9 9 0 .5 5 6 8 3304 1 .0 1 7 0 .1 8 0 5
-7 .9 9 0 .7 2 5 7 1684 0 .5 9 2 1 0 .0 9 9 0 0
-8 .9 9 0 .9 1 6 6 1017 0 .4 0 1 8 0 .0 8 4 8 6
-9 .9 9 1.130 646 0 .2 8 3 5 0 .0 7 3 8 2
-1 0 .9 9 1 .366 456 0 .2 1 9 8 0 .0 6 9 1 7
-1 1 .9 9 1 .6 2 3 360 0 .1 8 9 1 0 .0 7 0 7 0
-1 2 .9 9 1 .904 269 0 .1 5 2 9 0 .0 6 7 0 8
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APPENDIX TABLE V
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILIATOR STRENGTHS FOR THE 1 2 .5 7  e v  PEAK
AT 5 1 0 .2 4  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  A p2 C ounts per
A ngle (A tom ic U n its )  Ten S econds S f*
1 6 .8 5 2 .1 8 4 169 0 .1 0 2 2 0 .0 8 2 2 8
1 4 .8 5 2 .4 7 8 325 0 .1 7 3 7 0 .1 0 8 8
12 .85 2 .1 6 0 384 0 .1 9 1 8 0 .1 0 4 7
12 .85 1 .858 493 0 .2 2 8 6 0 .1 0 7 4
1 1 .8 5 1 .5 8 4 662 0 .2 8 3 7 0 .1 1 3 6
1 0 .8 5 1 .320 844 0 .3 3 1 2 0 .1 1 1 4
9 .8 5 1 .098 1269 0 .4 5 2 8 0 .1 2 5 7
8 .8 5 0 .8 8 8 0 2034 0 .6 5 2 9 0 .1 4 6 6
7 .8 5 0 .7 0 0 4 3418 0 .9 7 3 9 0 .1 7 2 5
6 ,8 5 0 .5 3 5 1 6852 1 .7 0 5 0 .2 3 0 7
5 .8 5 0 .3 9 2 0 14419 3 .0 6 4 0 .3 0 3 7
5 .2 5 0 .3 2 9 2 21769 4 .2 3 4 0 .3 5 2 4
4 .8 5 0 .2 7 1 8 33786 5 .959 0 .3 7 9 7
4 .2 5 0 .2 2 0 1 51932 8 .2 1 7 0 .4 5 7 3
2 .8 5 0 .1 7 2 8 78734 11 .02 0 .4 8 4 3
-4 .1 5 0 .2 0 5 2 57902 8 .7 4 0 0 .4 5 3 4
-4 .6 5 0 .2 5 4 7 36082 6 .1 0 1 0 .3 9 2 9
- 5 .1 5 0 .3 1 0 0 22530 4 .2 1 8 0 .3 3 0 6
- 5 .6 5 0 .3 7 0 8 14524 2 .9 8 2 0 .2 7 9 6
—6 .1 5 0 .4 3 7 1 9730 2 .174 0 .2 4 0 2
-7 .1 5 0 .5 8 6 8 4411 1 .146 0 .1 7 0 1
- 8 .1 5 0 .7 5 8 8 2405 0 .7 1 1 3 0 .1 3 6 5
- 9 .1 5 0 .9 5 3 0 1493 0 .4 9 5 2 0 .1 1 9 3
-1 0 .1 5 1 .169 1011 0 .3 7 1 5 0 .1 0 9 8
-1 1 .1 5 1 .408 737 0 .2 9 7 2 0 .1 0 5 8
-1 2 .1 5 1 .664 573 0 .2 5 1 5 0 .1 0 5 8
-1 2 .1 5 1 .948 420 0 .1 9 9 3 0 .0 9818
-1 4 .1 5 2 .250 298 0 .1 5 2 0 0 .0 8 6 4 7
-1 5 .1 5 2 .5 7 9 244 0 .1 3 3 0 0 .0 8 6 7 3
-1 6 .1 5 2 .929 195 0 .1 1 3 1 0 .0 8 3 7 6
-1 7 .1 5 3 .298 141 0 .0 8 6 7 3 0 .0 7 2 3 2
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APPENDIX TABLE VI
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR THE 1 5 .4 8  ©v PEAK
AT 510 .28  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  A p 2 C ounts p e r
A ngle (A tom ic U n i ts )  Ten Seconds S f '
1 6 .9 5 3 .2 1 9 143 0 .0 8 9 2 9 0 .0 8 3 0 2
1 4 .9 5 2 .5 1 0 173 0 .0 9 5 6 1 0 .0 6 9 3 2
1 5 .9 5 2 .1 8 7 210 0 .1 0 8 4 0 .0 6 8 4 8
1 2 .9 5 1 .888 317 0 .1 5 2 2 0 .0 8 3 0 1
11 .95 1 .610 439 0 .1 9 4 8 0 .0 9 0 6 0
10 .95 1 .3 5 1 621 0 .2 5 2 8 0 .0 9 8 6 4
9 .9 5 1 .120 948 0 .3 5 1 3 0 .1 1 3 6
8 .9 5 0 .9 0 8 4 1501 0 .5 0 0 4 0 .1 3 1 3
7 .9 5 0 .7 1 9 4 2630 0 .7 7 9 1 0 .1 6 1 9
6 .9 5 0 .5 5 1 8 4901 1 .270 0 .2 0 2 4
5 .9 5 0 .4 0 6 8 8901 1 .977 0 .2 3 2 3
5 .4 5 0 .3 4 2 8 12172 2 .4 7 6 0 .2 4 5 2
4 .9 5 0 .2 8 4 3 17231 3 .185 0 .2 6 1 6
4 .4 5 0 .2 3 1 5 23059 3 .8 3 3 0 .2 5 6 3
3 .9 5 0 .1 8 4 2 32264 4 .7 6 3 0 .2 5 3 4
-4 .0 5 0 .1 9 2 8 31583 4 .7 8 0 0 .2 6 6 2
- 4 .5 5 0 .2 4 1 6 22083 3 .7 5 3 0 .2 6 1 9
- 5 .0 5 0 .2 9 5 4 15431 2 .9 1 0 0 .2 4 8 3
- 5 .5 5 0 .3 5 5 0 10876 2 .2 5 4 0 .2 3 1 0
-6 .0 5 0 .4 2 0 3 7890 1 .782 0 .2 1 6 3
- 7 .0 5 0 .5 6 7 4 4260 1 .1 1 9 0 .1 8 3 4
- 8 .0 5 0 .7 3 6 8 2383 0 .7 1 4 7 0 .1 5 2 1
- 9 .0 5 0 .9 2 8 5 1370 0 .4 6 1 6 0 .1 2 3 8
-1 0 .0 5 1 .1 4 3 846 0 .3 1 6 2 0 .1 0 4 4
-1 1 .0 5 1 .378 592 0 .2 4 3 2 0 .0 9 6 7 9
-1 2 .0 5 1 .639 406 0 .1 8 1 6 0 .0 8 5 9 7
-1 3 .0 5 1 .9 1 5 288 0 .1 3 9 3 0 .0 7706
-1 4 .0 5 2 .2 1 9 218 0 .1 1 3 4 0 .0 7269
-1 5 .0 5 2 .5 4 4 156 0 .0 8 6 7 8 0 .0 6 3 7 7
-1 6 .0 5 2 .8 8 9 118 0 .0 6 9 9 1 0 .0 5 8 3 4
-1 7 .0 5 3 .2 5 3 113 0 .07098 0 .0 6 6 7 0
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APPENDIX TABLE VII
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR THE 1 6 .2 6  «v  PEAK
AT 5 1 0 .4 1  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  .A p 2 C ounts p e r
A ngle (A tom ic U n i ts )  Ten S econds S f '
16 .96 3 .2 2 4 112 0 .0 6 2 3 2 0 .0 6 0 9 9
14 .96 2 .5 1 3 172 0 .0 8 4 6 8 0 .0 6 4 5 9
1 3 .96 2 .1 9 0 226 0 .1 0 3 7 0 .0 6 8 9 4
12 .96 1 .8 9 3 314 0 .3 1 4 3 0 .0 7 7 1 7
11 .96 1 .6 1 4 393 0 .1 5 5 2 0 .0 7 6 0 3
10 .9 6 1 .356 600 0 .2 1 7 7 0 .0 8 9 6 1
9 .9 6 1 .1 2 3 908 0 .2 9 9 7 0 .1 0 2 2
8 .9 6 0 .9 1 0 7 1459 0 .4 3 3 6 0 .1 1 9 9
7 .9 6 0 .7 2 1 2 2597 0 .6 8 6 2 0 .1 5 0 2
6 .9 6 0 .5 5 4 1 5053 1 .168 0 .1 9 6 5
5 .9 6 0 .4 0 9 0 9489 1 .9 9 7 0 .2 4 8 0
5 .4 6 0 .3 4 4 8 13789 2 .6 6 5 0 .2 7 9 0
4 .9 6 0 .2 8 6 2 20855 3 .4 4 2 0 .2 9 9 0
4 .4 6 0 .2 3 3 3 30 626 4 .5 4 6 0 .3 2 1 9
3 .9 6 0 .1 8 6 1 44831 6 .2 9 0 0 .3 5 5 3
- 4 .0 4 0 .1 9 3 2 41915 5 .6 3 4 0 .3 3 0 4
- 4 .5 4 0 .2 4 1 3 26863 4 .0 5 5 0 .2 9 7 0
- 5 .0 4 0 .2 9 5 2 17490 2 .932 0 .2 6 2 7
- 5 .5 4 0 .3 5 4 7 12345 2 .2 7 4 0 .2 4 4 9
- 6 .0 4 0 .4 1 9 7 8688 1 .7 4 4 0 .2 2 2 2
- 7 .0 4 0 .5 6 6 5 4349 1 .016 0 .1 7 4 8
- 8 .0 4 0 .7 3 5 4 2267 0 .6 0 4 6 0 .1 3 4 9
- 9 .0 4 0 .9 3 3 7 1382 0 .4 1 4 1 0 .1 1 7 4
-1 0 .0 4 1 .1 4 1 809 0 .2 6 9 0 0 .0 9 3 1 8
-1 1 .0 4 1 .376 528 0 .1 9 2 9 0 .0 8 0 5 7
-1 2 .0 4 1.632 374 0 .1 4 8 9 0 .0 7 3 7 7
-1 3 .0 4 1 .915 276 0 .1 1 8 8 0 .0 6 9 0 6
-1 4 .0 4 2 .2 1 5 225 0 .1 0 4 2 0 .0 7 0 0 6
-1 5 .0 4 2 .5 4 0 162 0 .0 8 0 2 0 0 .0 6 1 8 3
-1 6 .0 4 2 .8 8 4 121 0 .0 6 3 7 7 0 .0 5 5 8 3
-1 7 .0 4 3 .2 5 3 96 0 .0 5 3 6 7 0 .05300
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APPENDIX TABLE T i l l
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR THE 1 7 .8 5  ev  PEAK
AT 5 1 0 .5 7  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  Ap2 C ounts p e r
A ng le  (A tom ic U n its )  Ten Seconds S f»
16 .80 3 .1 5 9 91 0 .0 4 0 2 7 0 .0 4 2 4 4
15 .80 2 .7 9 7 117 0 .0 4 8 7 9 0 .0 4 5 5 2
14 .80 2 .458 156 0 .06178 0 .0 5 0 6 5
1 3 .80 2 .1 3 9 190 0 .0 6 9 3 9 0 .0 4 9 5 0
12 .80 1 .8 4 4 283 0 .0 9 6 0 1 0 .0 5 9 0 5
11.80 1 .5 7 0 400 0 .1 2 5 3 0 .0 6 5 6 1
10 .80 1 .3 1 7 598 0 .1 7 1 7 0 .0 7 5 4 3
9 .8 0 1 .0 8 7 918 0 .2 3 9 2 0 .0 8 6 7 3
8 .8 0 0 .8 7 9 4 1574 0 .3 6 8 7 0 .1 0 8 1
7 .8 0 0 .6 9 3 7 2827 0 .5 8 7 4 0 .1 3 5 9
6 .8 0 0 .6 3 0 2 5416 0 .9 8 2 0 0 .1 7 3 6
5 .8 0 0 .3 8 9 1 10433 1 .615 0 .2 0 9 6
5 .3 0 0 .3 2 6 9 15000 2 .1 2 2 0 .2 3 1 3
4 .8 0 0 .2 7 0 2 22125 2 .8 3 4 0 .2 5 5 4
4 .3 0 0 .2 1 9 1 31494 3 .616 0 .2 6 4 3
-4 .2 0 0 .2 0 9 6 32330 3 .6 2 6 0 .2 5 3 5
-4 .7 0 0 .2 5 9 5 21470 2 .6 9 3 0 .2 3 3 1
- 5 .2 0 0 .3 1 5 1 14483 2 .0 0 9 0 .2 1 1 1
-5 .7 0 0 .3 7 6 1 9779 1 .4 8 7 0 .1 8 6 5
- 6 .2 0 0 .4 4 2 9 6886 1 .139 0 .1 6 8 2
-7 .2 0 0 .5 9 3 0 3668 0 .7 0 3 7 0 .1 3 9 2
- 8 .2 0 0 .7 6 5 3 2036 0 .4 4 4 5 0 .1 1 3 5
- 9 .2 0 0 .9 5 9 9 1227 0 .3 0 0 4 0 .0 9 6 1 9
-1 0 .2 0 1 .177 776 0 .2 1 0 4 0 .0 8 2 6 0
-1 1 .2 0 1 .4 1 5 522 0 .1 5 5 3 0 .0 7 3 3 0
-1 2 .2 0 1.676 354 0 .1 1 4 6 0 .0 6 4 0 6
-1 3 .2 0 1 .959 259 0 .0 9 0 5 8 0 .0 5 9 1 8
-1 4 .2 0 2 .2 6 5 199 0 .0 7 4 7 4 0 .0 5 6 4 7
-1 5 .2 0 2 .5 9 0 143 0 .0 5 7 4 1 0 .0 4 9 6 0
-1 6 .2 0 2 .9 3 8 121 0 .0 5 1 6 9 0 .0 5 0 6 5
-1 7 .2 0 3 .308 90 0 .0 4 0 7 5 0 .0 4 4 9 5
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APPENDIX TABLE IX
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 2 4 .5 8  ev  ENERGY IN THE
CONTINUUM AT 510 .83  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  A p ^ C ounts p e r
A ng le  (A tom ic U n its )  Ten Seoonds S f ’
15 .01 2 .5 2 3 95 0 .0 5 0 5 8 0 .0 5 9 7 9
14 .01 2 .200 101 0 .0 6 3 3 8 0 .0 6 5 3 4
1 3 .0 1 1 .904 165 0 .0 9 6 2 8 0 .08588
1 2 .0 1 1.626 223 0 .1 2 0 3 0 .09164
1 1 .0 1 1 .372 344 0 .1 7 0 3 0 .1 0 9 5
10 .0 1 1.138 506 0 .2 2 8 0 0 .1 2 1 6
9 .0 1 0 .9 2 6 6 857 0 .3 4 7 9 0 .1 5 1 0
'8 .0 1 0 .7 3 7 4 1497 0 .5 4 0 5 0 .1 8 6 7
7 .0 1 0 .5 7 0 2 2596 0 .8 2 1 0 0 .2 1 9 3
6 .0 1 0 .4 2 5 2 4602 1 .249 0 .2 4 8 8
5 .5 1 0 .3 6 0 4 6301 1 .569 0 .2 6 4 8
5 .0 1 0 .3 0 2 4 8753 1.982 0 .2 8 0 8
4 .5 1 0 .2 4 9 2 12312 2 .5 1 0 0 .2 9 3 2
4 .0 1 0 .2 0 1 8 17043 3 .0 8 9 0 .2 9 2 0
- 3 .9 9 0 .1 9 8 9 19687 3 .5 5 1 0 .3 3 0 9
- 4 .4 9 0 .2 4 7 1 13631 2 .7 6 6 0 .3 2 0 3
-4 .9 9 0 .2 9 9 9 9514 2 .1 4 5 0 .3 0 1 4
-5 .4 9 0 .3 5 8 2 6823 1 .6 9 2 0 .2 8 3 9
- 5 .9 9 0 .4 2 2 3 4944 1 .3 3 7 ■ 0 .2 6 4 5
-6 .9 9 0 .5 6 6 8 2678 0 .8 4 4 8 0 .2 2 4 3
-7 .9 9 0 .7 3 3 6 1549 0 .5 5 8 1 0 .1 9 1 8
-8 .9 9 0 .9 2 2 2 923 0 .3 7 3 9 0 .1 6 1 6
-9 .9 9 1 .1 3 3 546 0 .2 4 5 5 0 .1 3 0 3
-1 0 .9 9 1 .366 338 0 .1 6 7 0 0 .1 0 6 8
-1 1 .9 9 1 .620 246 0 .1 3 2 5 0 .1 0 0 6
-1 2 .9 9 1 .8 9 7 158 0 .09208 0 .0 8 1 8 3
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APPENDIX TABLE X
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 3 1 .6 3  ev  ENERGY IN THE
CONTINUUM AT 51 3 .0 9  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  A P2 C ounts p e r
A ngle (A tom ic U n i ts )  Ten Seconds S f*
1 7 .30 3 .3 4 4 50 0 .0 4 3 3 6 0 .0 8 6 9 8
16 .30 2 .9 7 5 59 0 .04829 0 .0 8 6 2 0
1 5 .30 2 .6 2 8 81 0 .0 6 2 3 2 0 .0 9 8 2 8
14 .30 2 .3 0 2 97 0 .0 6 9 8 7 0 .0 9 6 4 9
1 3 .30 1.998 160 0 .1 0 7 3 0 .1 2 8 7
12 .30 1 .715 210 0 .1 3 0 5 0 .1 3 4 3
11 .30 1 .4 5 1 288 0 .1 6 4 6 0 .1 4 3 3
1 0 .3 0 1 .215 469 0 .2 4 4 5 0 .1 7 8 2
9 .3 0 0 .9 9 7 8 723 0 .3 4 0 6 0 .2 0 3 9
8 .3 0 0 .8 0 2 6 1177 0 .4 9 5 4 0 .2 3 8 6
7 .3 0 0 .6 2 9 4 2014 0 .7 4 6 2 0 .2 8 1 8
6 .3 0 0 .4 7 8 5 3253 1 .041 0 .2 9 8 9
5 .8 0 0 .4 1 1 3 4262 1.256 0 .3 1 0 0
5 .3 0 0 .3 4 9 6 5615 1 .513 0 .3 1 7 4
4 .8 0 0 .2 9 3 4 7395 1 .804 0 .3 1 7 5
4 .3 0 0 .2 4 3 1 10009 2 .189 0 .3 1 9 4
-4 .2 0 0 .2 3 3 3 11292 2 .4 1 2 0 .3 3 7 7
-4 .7 0 0 .2 8 2 8 8010 1 .914 0 .3 2 4 8
-5 .2 0 0 .3 3 7 9 5810 1 .536 0 .3 1 1 3
-5 .7 0 0 .3 9 8 4 4330 1 .254 0 .2 9 9 7
-6 .7 0 0 .5 3 6 3 2483 0 .8 4 4 5 0 .2 7 1 8
-7 .7 0 0 .6 9 6 1 1548 0 .6 0 4 8 0 .2 5 2 6
-8 .7 0 0 .8 7 8 1 945 0 .4 1 6 7 0 .2 1 9 6
-9 .7 0 1 .082 580 0 .2 8 5 0 0 .1 8 5 0
-1 0 .7 0 1 .308 377 0 .2 0 4 1 0 .1 6 0 2
-1 1 .7 0 1 .556 248 0 .4 1 6 7 0 .1370
-1 2 .7 0 1 .825 174 0 .1 1 1 5 0 .1 2 2 1
-1 3 .7 0 2 .1 1 7 130 0 .0 8 9 7 9 0 .1 1 4 0
-1 4 .7 0 2 .430 95 0 .0 7 0 3 1 0 .1 0 2 5
-1 5 .7 0 2 .7 6 3 70 0 .0 5 5 2 3 0 .0 9 1 5 7
-1 6 .7 0 3 .120 58 0 .0 4 8 6 1 0 .0 9 1 0 0
-1 7 .7 0 3 .4 9 7 48 0 .0 4 2 5 5 0 .0 8 9 2 7
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APPENDIX TABLE XI
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 3 9 .7 2  ev  ENERGY IN THE
CONTINUUM AT 5 1 0 .2 8  VOLTS INCIDENT ELECTRON ENERGY
A
S c a t t e r i n g  A P  C ounts p e r
A ngle (A tom ic U n i ts )  Ten Seconds S f
1 6 .9 5 3 .1 9 2 63 0 .0 4 1 3 6 0 .1 0 0 3
1 4 .9 5 2 .5 0 0 110 0 .0 6 3 9 3 0 .1 2 1 4
1 3 .9 5 2 .1 8 4 147 0 .0 7 9 8 3 0 .1 3 2 4
1 2 .9 5 1 .893 236 0 .1 1 9 1 0 .1 7 1 3
1 1 .9 5 1 .622 320 0 .1 4 9 2 0 .1 8 3 8
1 0 .9 5 1 .369 487 0 .2 0 8 4 0 .2 1 6 7
9 .9 5 1 .144 673 0 .2 6 2 2 0 .2 2 7 8
8 .9 5 0 .9 3 7 1 984 0 .3 4 4 9 0 .2 4 5 5
7 .9 5 0 .7 5 2 2 1513 0 .4 7 1 3 0 .2 6 9 3
6 .9 5 0 .5 8 9 2 2317 0 .6 3 1 7 0 .2 8 2 7
5 .9 5 0 .4 4 7 6 3551 0 .8 2 9 5 0 .2 8 2 1
5 .4 5 0 .3 8 5 1 4471 0 .9 5 6 7 0 .2 7 9 9
4 .9 5 0 .3 2 8 0 5852 1 .1 3 7 0 .2 8 3 3
4 .4 5 0 .2 7 6 6 7189 1 .256 0 .2 6 3 9
3 .9 5 0 .2 3 0 4 9423 1 .4 6 3 0 .2 5 6 0
- 4 .0 5 0 .2 3 8 8 10088 1 .6 0 5 0 .2 9 1 1
- 4 .5 5 0 .2 8 6 4 7598 1 .358 0 .2 9 5 5
- 5 .0 5 0 .3 3 8 8 5797 1 .149 0 .2 9 5 8
- 5 .5 5 0 .3 9 7 1 4476 0 .9 7 5 2 0 .2 8 9 7
- 6 .0 5 0 .4 6 0 8 3518 0 .8 3 5 3 0 .2 9 2 4
-7 .0 5 0 .6 0 4 3 2157 0 .5 9 6 3 0 .2 7 7 4
- 8 .0 5 0 .7 6 9 3 1486 0 .4 6 8 5 0 .2 7 3 8
- 9 .0 5 0 .9 5 6 7 943 0 .3 3 4 1 0 .2 4 3 8
-1 0 .0 5 1 .166 670 0 .2 6 3 3 0 .2 3 3 2
-1 1 .0 5 1 .396 443 0 .1 9 1 3 0 .2 0 3 0
-1 2 .0 5 1 .650 306 0 .1 4 3 9 0 .1 8 0 5
-1 3 .0 5 1 .919 206 0 .1 0 4 8 0 .1 5 2 8
-1 4 .0 5 2 .2 1 6 160 0 .8 7 5 1  . 0 .1 4 7 4
-1 5 .0 5 2 .5 3 3 112 0 .6 5 5 3 0 .1 2 6 1
-1 6 .0 5 2 .8 6 9 88 0 .5 4 8 0 0 .1 1 9 5
-1 7 .0 5 3 .2 2 6 68 0 .4 4 9 2 0 .1 1 0 1
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APPENDIX TABLE XII
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 4 6 .3 9  ev  ENERGY IN THE
CONTINUUM AT 5 1 0 .4 1  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  Ap2 C ounts p e r
A ngle (A tom ic U n i ts )  Ten S econds S f
17 .06 3 .1 8 4 70 0 .0 4 1 7 3 0 .1188
1 5 .0 6 2 .4 9 2 135 0 .0 7 1 2 5 0 .1 5 8 7
14 .06 2 .1 8 0 181 0 .0 8 9 3 5 0 .1 7 4 1
13 .06 1 .9 1 5 222 0 .1 0 1 9 0 .1 7 4 4
1 2 .0 6 1 .617 347 0 .1 4 7 2 0 .2 1 2 9
11 .06 1 .364 459 0 .1 7 8 8 0 .2 1 8 0
1 0 .06 1 .1 3 5 642 0 .2 2 7 9 0 .2 3 1 3
9 .0 6 0 .9 2 7 6 876 0 .2 8 0 4 0 .2 3 2 5
8 .0 6 0 .7 4 1 6 1232 0 .3 5 0 9 0 .2 3 2 6
7 .0 6 0 .5 7 7 1 1775 0 .4 4 3 1 0 .2 2 8 6
6 .0 6 0 .4 3 4 3 2595 0 .5 5 6 7 0 .2 1 6 2
5 .5 6 0 .3 7 1 1 3204 0 .6 3 0 9 0 .2 0 9 3
5 .0 6 0 .3 1 3 1 3951 0 .7 0 8 3 0 .1 9 8 3
4 .5 6 0 .2 6 0 7 5013 0 .8 1 0 0 0 .1 8 8 8
4 .0 6 0 .2 1 3 9 6245 0 .8 9 8 6 0 .1 7 1 8
- 3 .9 4 0 .2 0 3 4 6826 0 .9 5 5 0 0 .1 7 3 6
- 4 .4 4 0 .2 4 9 1 5205 0 .8 2 0 0 0 .1 8 2 6
- 4 .9 4 0 .3 0 0 2 4032 0 .7 0 6 4 0 .1 8 9 6
-5 .4 4 0 .3 5 6 7 3231 0 .6 2 3 1 0 .1 9 8 7
-5 .9 4 0 .4 1 8 5 2641 0 .5 5 5 8 0 .2 0 8 0
- 6 .9 4 0 .5 5 8 9 1804 0 .4 4 3 1 0 .2 2 1 4
- 7 .9 4 0 .7 2 0 8 1217 0 .3 4 1 9 0 .2 2 0 3
-8 .9 4 0 .9 0 4 3 883 0 .2 7 8 9 0 .2 2 5 5
- 9 .9 4 1 .109 636 0 .2 2 3 0 0 .2 2 1 1
-1 0 .9 4 1 .336 448 0 .1 7 2 7 0 .2 0 6 2
-1 1 .9 4 1 .5 8 4 303 0 .1 2 7 4 0 .1 8 0 4
-1 2 .9 4 1 .854 238 0 .1 0 8 3 0 .1 7 9 6
-1 3 .9 4 2 .1 4 1 163 0 .7 9 7 8 0 .1 5 2 7
-1 4 .9 4 2 .4 5 5 123 0 .6 4 4 1 0 .1 4 1 4
-1 5 .9 4 2 .7 9 0 98 0 .5 4 6 7 0 .1 3 6 3
-1 6 .9 4 3 .1 4 3 65 0 .3 8 4 6 0 .1 0 8 1
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APPENDIX TABLE X III
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 53.6.2 ev  ENERGY IN THE
CONTINUUM AT 5 1 0 .3 7  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  Ap2 C ounts p e r
A ngle (A tom ic U n i ts )  Ten Seconds S f '
1 6 .8 7 3 .169 80 0 .0 3 8 3 4 •0 .1265
1 5 .8 7 2 .819 117 0 .0 5 2 8 4 0 .1 5 5 1
1 4 .8 7 2 .4 8 9 148 0 .0 6 2 7 1 0 .1 6 2 5
13 .87 2 .182 213 0 .0 8 4 3 1 0 .1 9 1 6
1 2 .8 7 1 .895 274 0 .1008 0 .1 9 9 0
1 1 .87 1 .629 366 0 .1 2 4 3 0 .2 1 0 9
1 0 .8 7 1 .385 520 0 .1 6 1 9 0 .2 3 3 5
9 .8 7 1 .161 705 0 .1 9 9 5 0 .2 4 1 2
8 .8 7 0 .9 5 9 4 919 0 .2 3 4 0 0 .2 3 3 6
7 .8 7 0 .7 7 8 7 1277 0 .2 8 8 6 0 .2 3 4 1
6 .8 7 0 .6 1 9 6 1803 0 .3 5 6 0 0 .2 2 9 7
5 .8 7 0 .4 8 2 0 2500 0 .4 2 2 4 0 .2 1 2 0
5 .3 7 0 .4 2 1 1 3069 0 .4 7 4 2 0 .2 0 8 0
4 .8 7 0 .3 6 5 8 3837 0 .5 3 8 0 0 .2 0 5 0
4 .3 7 0 .3 1 5 9 4665 0 .5 8 7 0 0 .1 9 3 1
3 .8 7 0 .2 7 1 3 5563 0 .6 1 9 8 0 .1 7 5 1
-4 .1 3 0 .2 9 3 7 5192 0 .6 1 7 4 0 .1 8 8 9
-4 .6 3 0 .3 4 1 2 4068 0 .5 4 2 2 0 .1 9 2 6
- 5 .1 3 0 .3 9 4 0 3300 0 .4 8 7 3 0 .1 9 9 9
-5 .6 3 0 .4 5 2 1 2600 0 .4 2 1 2 0 .1 9 8 3
-6 .1 3 0 .5 1 5 7 2122 0 .3 7 4 2 0 .2 0 1 0
- 7 .1 3 0 .6 5 9 0 1555 0 .3 1 8 7 0 .2 1 8 7
- 8 .1 3 0 .8 2 3 6 1117 0 .2 6 0 7 0 .2 2 3 6
- 9 .1 3 1 .0 1 0 846 0 .2 2 1 8 0 .2 3 3 3
-1 0 .1 3 1 .217 612 0 .1 7 7 8 0 .2 2 5 3
-1 1 .1 3 1 .446 457 0 .1 4 5 6 0 .2 1 9 3
-1 2 .1 3 1 .696 327 0 .1 1 3 4 0 .2 0 0 3
-1 3 .1 3 1.968 ‘254 0 .0 9 5 2 9 0 .1 9 5 3
-1 4 .1 3 2 .2 6 1 182 0 .0 7 3 3 6 0 .1728
-1 5 .1 3 2 .5 7 3 141 0 .0 6 0 7 6 0 .1 6 2 8
-1 6 .1 3 2 .9 0 7 107 0 .0 4 9 0 7 0 .1 4 8 6
-1 7 .1 3 3 .2 6 3 73 0 .0 3 5 5 0 0 .1 2 0 6
-  193 -
APPENDIX TABLE XIV
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 6 0 .9 6  ev  ENERGY IN THE
CONTINUUM AT 5 1 0 .2 6  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r i n g  A p2 C ounts per
A ngle (A tom ic U n i ts )  Ten Seoonds S f
1 7 .0 7 3 .262 60 0 .0 4 4 1 3 0 .1 7 1 8
1 6 .0 7 2 .910 64 0 .04438 0 .1 5 4 2
1 5 .0 7 2 .5 7 9 90 0 .0 5 7 7 4 0 .1 7 7 8
1 4 .0 7 2 .2 6 7 123 0 .0 7 4 9 3 0 .2 0 2 8
1 3 .07 1 .977 150 0 .0 8 5 0 1 0 .2 0 0 6
1 2 .0 7 1.708 205 0 .1 0 7 4 0 .2 4 8 0
1 1 .0 7 1 .460 270 0 .1 2 9 9 0 .2 2 6 4
1 0 .0 7 1 .2 3 4 314 0 .1 3 7 6 0 .2 0 2 7
9 .0 7 1 .028 461 0 .1 8 2 1 0 .2 2 3 4
8 .0 7 0 .8 4 4 1 588 0 .2 0 6 9 0 .2 0 8 6
7 .0 7 0 .6 8 1 4 793 0 .2 4 4 6 0 .1 9 9 0
6 .0 7 0 .5 3 9 9 1067 0 .2 8 2 7 0 .1 8 2 2
5 .5 7 0 .4 7 7 3 1352 0 .3 2 8 8 0 .1 8 7 4
5 .0 7 0 .4 2 0 0 1611 0 .3 5 6 9 0 .1 7 8 9
4 .5 7 0 .3 6 8 2 1932 0 .3 8 5 7 0 .1 6 9 6
4 .0 7 0 .3 2 1 6 2353 0 .4 1 8 5 0 .1 6 0 7
- 3 .9 3 0 .3 0 9 5 2594 0 .4 4 5 6 0 .1 6 4 6
-4 .4 3 0 .3 5 4 6 2123 0 .4 1 1 0 0 .1 7 4 0
-4 .9 3 0 .4 0 5 0 1678 0 .3 6 1 4 0 .1 7 4 7
- 5 .4 3 0 .4 6 0 8 1415 0 .3 3 5 6 0 .1 8 4 6
- 5 .9 3 0 .5 2 1 9 1158 0 .2 9 9 7 0 .1 8 6 7
-6 .9 3 0 .6 6 0 3 824 0 .2 4 9 3 0 .1 9 6 5
-7 .9 3 0 .8 2 0 0 605 0 .2 0 9 2 0 .2 0 4 8
-8 .9 3 1 .0 0 1 444 0 .1 7 2 7 0 .2 0 6 4
-9 .9 3 1 .204 366 0 .1 5 8 1  • 0 .2 2 7 2
-1 0 .9 3 1 .427 261 0 .1 2 4 0 0 .2 1 1 3
-1 1 .9 3 1 .672 208 0 .1 0 7 7 0 .2 1 5 0
-1 2 .9 3 1 .9 3 9 157 0 .0 8 8 0 7 0 .2 0 3 9
-1 3 .9 3 2 .2 2 6 141 0 .0 8 5 0 6 0 .2 2 6 0
-1 4 .9 3 2 .533 104 0 .0 6 7 1 4 0 .2 0 3 0
-1 5 .9 3 2 .862 76 0 .0 5 2 2 8 0 .1 7 8 6
-1 6 .9 3 3 .211 66 0 .0 4 8 1 7 0 .1 8 4 6
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APPENDIX TABLE XV
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 6 7 .1 9  ev  ENERGY IN THE
CONTINUUM AT 510 .26  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  /±P^  C ounts p e r
A ngle (A tom ic U n i ts )  Ten Seconds S f*
1 7 .10 3 .2 7 1 55 0 .0 4 1 0 9 0 .1 7 8 1
16 .1 0 2 .922 59 0 .0 4 1 5 8 0 .1 6 1 0
15 .10 2 .593 81 0 .0 5 3 6 2 0 .1 8 4 2
14 .10 2 .2 8 4 99 0 .0 6 1 3 0 0 .1 8 5 5
IS .  10 1 .9 9 7 125 0 .0 7 2 0 2 0 .1 9 0 6
12 .10 1 .7 3 1 152 0 .0 8 0 9 7 0 .1 8 5 7
11 .10 1 .486 200 0 .0 9 7 8 4 0 .1 9 2 6
10 .1 0 1 .260 258 0 .1 1 5 0 0 .1 9 1 9
9 .1 0 1 .056 319 0 .1 2 8 3 0 .1 7 9 5
8 .1 0 0 .8 7 3 1 416 0 .1 4 8 9 0 .1 7 2 3
7 .1 0 0 .7 1 1 4 551 0 .1 7 3 1 0 .1 6 3 1
6 .1 0 0 .5 7 0 8 750 0 .2 0 2 6 0 .1 5 3 2
5 .6 0 0 .5 0 8 4 881 0 .2 1 8 5 0 .1 4 6 4
5 .1 0 0 .4 5 1 5 1026 0 .2 3 1 8 0 .1 4 1 5
4 .6 0 0 .3 9 9 8 1283 0 .2 6 1 5 0 .1 3 8 5
4 .1 0 0 .3 5 3 4 1700 0 .3 0 9 0 0 .1 4 4 7
-3 .9 0 0 .3 3 6 3 1741 0 .3 0 0 9 0 .1 3 4 1
-4 .4 0 0 .3 8 0 6 1416 0 .2 7 6 0 0 .1 3 9 2
-4 .9 0 0 .4 3 0 1 1164 0 .2 5 2 7 0 .1 4 4 0
-5 .4 0 0 .4 8 5 0 980 0 .2 3 4 4 0.15Q6
- 5 .9 0 0 .5 4 5 3 800 0 .2 0 9 0 0 .1 5 1 0
-6 .9 0 0 .6 8 1 5 590 0 .1 8 0 1 0 .1 6 2 6
-7 .9 0 0 .8 3 9 1 448 0 .1 5 6 4 0 .1 7 3 9
-8 .9 0 1 .018 317 0 .1 2 4 6 0 .1 6 8 1
-9 .9 0 1 .2 1 7 254 0 .1 1 1 0 0 .1 7 8 9
-1 0 .9 0 1 .436 211 0 .1 0 1 4 0 .1 9 3 2
-1 1 .9 0 1 .680 165 0 .0 8 6 4 6 0 .1 9 2 5
-1 2 .9 0 1.942 125 0 .0 7 0 9 3 0 .1 8 2 5
-1 3 .9 0 2 .226 106 0 .0 6 4 7 0 0 .1 9 0 8
-1 4 .9 0 2 .5 3 0 82 0 .0 5 3 5 7 0 .1 7 9 6
-1 5 .9 0 2 .8 5 5 63 0 .0 4 3 8 6 0 .1 6 5 9
-1 6 .9 0 3 .200 53 0 .0 3 9 1 6 0 .1 6 6 0
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APPENDIX TABLE XVI
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 7 2 .7 7  oy ENERGY IN THE
CONTINUUM AT 5 1 2 .9 7  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r in g  .A  P^ C ounts p e r
A ngle (A tom ic U n its )  Ten Seconds S f 1
1 3 .34 2 .0 9 5 84 0 .0 5 9 7 8 0 .1 8 0 8
1 2 .3 4 1 .823 109 0 .0 7 1 8 4 0 .1 8 9 0
1 1 .3 4 1 .572 131 0 .0 7 9 4 3 0 .1 8 0 2
1 0 .34 1 .342 145 0 .0 8 0 3 0 0 .1 5 5 5
9 .3 4 1 .1 3 3 201 0 .1 0 0 6 0 .1 6 4 5
8 .3 4 0 .9 4 5 0 251 0 .1 1 2 3 0 .1 5 3 2
7 .3 4 0 .7 7 8 2 366 0 .1 4 4 2 0 .1 6 1 9
6 .3 4 0 .6 3 2 6 464 0 .1 5 8 0 0 .1 4 4 3
5 .8 4 0 .5 6 7 8 574 0 .1 8 0 1 0 .1 4 7 6
5 .3 4 0 .5 0 8 2 696 0 .1 9 9 8 0 .1 4 6 6
4 .8 4 0 .4 5 4 0 814 0 .2 1 1 9 0 .1 3 8 9
4 .3 4 0 .4 0 4 9 981 0 .2 2 9 0 0 .1 3 3 8
- 4 .1 6 0 .3 8 8 7 1122 0 .2 5 1 1 0 .1 4 0 9
- 4 .6 6 0 .4 3 5 8 930 0 .2 3 3 1 0 .1 4 6 6
-5 .1 6 0 .4 8 8 0 733 0 .2 0 3 4 0 .1 4 3 3
- 5 .6 6 0 .5 4 5 8 621 0 .1 8 8 9 0 .1 4 8 8
- 6 .6 6 0 .6 7 6 9 451 0 .1 6 1 4 0 .1 5 7 7
-7 .6 6 0 .8 2 9 4 310 0 .1 2 7 5 0 .1 5 2 6
-8 .6 6 1 .0 0 3 255 0 .1 1 8 5 0 .1 7 1 6
- 9 .6 6 1 .198 172 0 .0 8 9 0 3 0 .1 5 3 9
-1 0 .6 6 1 .4 1 4 157 0 .0 8 9 6 1 0 .1 8 2 9
-1 1 .6 6 1 .6 5 1 123 0 .0 7 6 0 9 0 .1 8 2 8
-1 2 .6 6 1 .908 84 0 .0 5679 0 .1 5 6 4
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APPENDIX TABLE XVII
COLLISION CROSS SECTIONS AND DIFFERENTIAL
OSCILLATOR STRENGTHS FOR 79 .00  ev  ENERGY IN THE
CONTINUUM AT 5 1 2 .9 7  VOLTS INCIDENT ELECTRON ENERGY
S c a t t e r i n g  ^ l P ^  C ounts p e r
A ngle (A tom ic U n its )  Ten Seconds S t*
1 3 .34 2 .1 2 0 59 0 .0 4 2 5 8 0 .1 4 2 3
1 2 .34 1 .850 80 0 .0 5 3 5 0 0 .1 5 6 1
1 1 .3 4 1 .6 0 1 106 0 .0 6 5 2 0 0 .1 6 4 6
1 0 .3 4 1 .372 129 0 .0 7 2 4 6 0 .1 5 6 7
9 .3 4 1 .1 6 5 142 0 .0 7 2 1 2 0 .1 3 2 5
8 .3 4 0 .9 7 7 9 190 0 .0 8 6 2 0 0 .1 3 2 9
7 .3 4 0 .8 1 2 2 272 0 .1 0 8 7 0 .1 3 9 2
6 .3 4 0 .6 6 7 6 350 0 .1 2 0 9 0 .1 2 7 3
5 .8 4 0 .6 0 3 1 411 0 .1 3 0 8 0 .1 2 4 4
5 .3 4 0 .5 4 3 9 513 0 .1 4 9 4 0 .1 2 8 1
4 .8 4 0 .4 9 0 1 583 0 .1 5 3 9 0 .1 1 8 9
4 .3 4 0 .4 4 1 3 720 0 .1 7 0 5 0 .1 1 8 6
- 4 .1 6 0 .4 2 5 2 786 0 .1 7 7 5 0 .1 1 9 0
- 4 .5 6 0 .4 7 2 0 646 0 .1 6 4 2 0 .1 2 2 2
- 5 .1 6 0 .5 2 3 9 540 0 .1 5 1 9 0 .1 2 5 5
- 5 .6 6 0 .5 8 1 2 447 0 .1 3 7 9 0 .1 2 6 4
- 6 .6 6 0 .7 1 1 6 300 0 .1 0 8 9 0 .1 2 2 2
- 7 .6 6 0 .8 6 3 0 241 0 .1 0 0 5 0 .1 3 6 8
- 8 .6 6 1 .035 196 0 .0 9 2 3 6 0 .1 5 0 7
- 9 .6 6 1 .229 155 0 .0 8 1 3 8 0 .1 5 7 7
-1 0 .6 6 1 .444 123 0 .0 7 1 2 1 0 .1 6 2 1
-1 1 .6 6 1 .679 100 0 .0 6 3 2 3 0 .1 6 7 4
-1 2 .6 6 1 .935 63 0 .0 4 3 2 1 0 .1 3 1 8
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AUTOBIOGRAPHY
I .  Jerom e C onrad S h i l o f f ,  was b o rn  i n  S io u x  C ity ,  Iow a,
J a n u a ry  7 , 1930. I  r e c e iv e d  my p r im a ry  and  se c o n d a ry  so h o o l ed u ca ­
t i o n  i n  th e  p u b l ic  s c h o o ls  o f S io u x  C i ty .  My u n d e rg ra d u a te  t r a i n i n g  
was o b ta in e d  e ft th e  S t a t e  U n iv e r s i ty  o f  Iow a, Iow a C ity ,  Io w a , from  
w h ich  I  r e c e iv e d  th e  d e g re e  B a c h e lo r  o f  S c ie n c e  i n  C h em is try  i n  1951. 
Upon b e in g  a d m itte d  t o  The Ohio S ta t e  U n iv e r s i ty  i n  1951, I  r e c e iv e d  
an  a s s i s t a n t s h i p ,  w hich  I  h e ld  f o r  t h e  academ ic y e a r s  1951-52 and 
1 9 5 2 -5 3 . S in ce  S ep tem b er, 1953, I  h ave  s e rv e d  a s  a  R e se a rc h  F e llo w  
u n d e r t h e  a u s p ic e s  o f  The Ohio S t a t e  U n iv e r s i ty  R e se a rc h  F o u n d a tio n  
w h ile  c o m p le tin g  th e  re q u ire m e n ts  f o r  t h e  d e g re e  D o c to r o f  P h ilo s o p h y .
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